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Dynamic properties of rocks are important in a variety of rock mechanics and rock engineering problems.
Due to the transient nature of the loading, dynamic tests of rock materials are very different from and
much more challenging than their static counterparts. Dynamic tests are usually conducted using the
split Hopkinson bar or Kolsky bar systems, which include both split Hopkinson pressure bar (SHPB) and
split Hopkinson tension bar (SHTB) systems. Signiﬁcant progress has been made on the quantiﬁcation of
various rock dynamic properties, owing to the advances in the experimental techniques of SHPB system.
This review aims to fully describe and critically assess the detailed procedures and principles of tech-
niques for dynamic rock tests using split Hopkinson bars. The history and principles of SHPB are outlined,
followed by the key loading techniques that are useful for dynamic rock tests with SHPB (i.e. pulse
shaping, momentum-trap and multi-axial loading techniques). Various measurement techniques for rock
tests in SHPB (i.e. X-ray micro computed tomography (CT), laser gap gauge (LGG), digital image corre-
lation (DIC), Moiré method, caustics method, photoelastic coating method, dynamic infrared thermog-
raphy) are then discussed. As the main objective of the review, various dynamic measurement
techniques for rocks using SHPB are described, including dynamic rock strength measurements (i.e.
dynamic compression, tension, bending and shear tests), dynamic fracture measurements (i.e. dynamic
imitation and propagation fracture toughness, dynamic fracture energy and fracture velocity), and dy-
namic techniques for studying the inﬂuences of temperature and pore water.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The accurate determination of rock dynamic properties has al-
ways been a very important issue for a variety of rock engineering
and geophysical applications, including rock quarrying, rock dril-
ling, rockbursts, blasts, earthquakes, and projectile penetrations. In
these applications, rock materials are subjected to dynamic loading
over a wide range of loading rates. Therefore, accurate determina-
tion of dynamic strength and fracture properties of rocks over a
wide range of loading rates is crucial. However, in sharp contrast to
many static rock testing methods suggested by the International
Society for Rock Mechanics (ISRM), only three dynamic testing
methods have recently been suggested by the ISRM Commission on
Rock Dynamics (Zhou et al., 2012), including dynamic compression,
dynamic Brazil test, and dynamic notched semi-circular bendþ1 4169786813.
ock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.(NSCB) test using split Hopkinson pressure bar (SHPB), while other
methods are good candidates for future ISRM suggested methods.
SHPB system is an ideal and reliable high strain rate loading
technique to measure dynamic properties of rocks under high
strain rates (102e103 s1). As a widely used device to quantify the
dynamic compressive response of variousmetallic materials at high
loading or strain rates, SHPB was invented by Kolsky in 1949
(Kolsky, 1949, 1953). Shortly after, researchers started to use SHPB
to test brittle materials such as concretes (Ross et al., 1989, 1995),
ceramics (Chen and Ravichandran, 1996, 2000), and rocks
(Christensen et al., 1972; Dai et al., 2010a). However, some major
limitations of using SHPB for brittle materials were not fully
explored until two decades ago (Subhash et al., 2000).
Several comprehensive reviews have been conducted concern-
ing dynamic behaviors of brittle materials, such as mortar, ceramic,
concrete and rocks (Bischoff and Perry, 1991; Malvar and Ross,
1998; Zhao et al., 1999; Toutlemonde and Gary, 2009; Walley,
2010; Zhao, 2011) and dynamic experimental techniques (ASM,
2000; Field et al., 2004; Ramesh, 2008). There are also reviews on
rock dynamics and applications (Barla and Zhao, 2010; Zhao et al.,
2012) and dynamic experimental techniques and results (Xia, 2012;
Zhao et al., 2012; Zhang and Zhao, 2014). The systematic discussion
of dynamic experimental techniques for rocks using SHPB system is
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detailed procedures and principles of techniques for dynamic rock
tests using SHPB.
This review is organized as follows. After the Introduction,
Section 2 brieﬂy describes the history and principles of SHPB sys-
tem. Section 3 presents new loading techniques for dynamic rock
tests and Section 4 discusses the advanced measurement tech-
niques deployed in SHPB for testing rockmaterials. In Section 5, the
dynamic strength measurements for rocks using SHPB system are
ﬁrst critically assessed, including dynamic compression, tension,
bending and shear tests. Dynamic fracture tests are then presented,
followed by dynamic techniques concerning the inﬂuences of
temperature and water saturation level. Section 6 summarizes the
entire paper.
2. History and principles of SHPB system
2.1. History of SHPB system
The name of SHPB was derived from John Hopkinson (1849e
1898) and his son Bertram Hopkinson (1874e1918). John Hopkin-
son investigated the propagation of stress waves in the iron wire in
1872, and his son, Bertram Hopkinson, invented a pressure bar to
obtain the pressure-time curve with the dynamic load exerted by
detonation (Hopkinson, 1914). However, the measurements were
not accurate because of the limitation of the measurement tech-
nique. Davies (1948) improved the measurement technique by
utilizing an electrical method. Later, Kolsky (1949) developed the
split bar system, which included two bars (known as incident bar
and transmitted bar) with a specimen in between. That is why SHPB
is also called the Kolsky bar. Using his SHPB system, Kolsky ob-
tained the dynamic relationship between stress and strain for
several materials with condenser microphones. Shortly after that,
Krafft et al. (1954) adopted strain gauge to measure the stress
waves and applied a striker bar to produce a repeatable impact
stress wave in the incident bar. In order to measure valid dynamic
properties of different materials, Lindholm (1964) combined pre-
vious modiﬁcations and designed an updated version of Kolsky bar
system, which became a template of current SHPB system. There-
after, the SHPB system has been continually improved to obtain
more accurate measurements for different materials under high
strain rate loading.
In addition to the compression version of Kolsky bar sys-
temdSHPB, the tensile version of Kolsky bar systemdsplit Hop-
kinson tension bar (SHTB) was also developed to obtain the
characteristics of materials under dynamic tensile loading. The
initial design of dynamic tension apparatus was a hollow tube in-
side which a single elastic bar and a specimen were attached
(Harding et al., 1960). This design was later replaced by placing the
entire bar system inside a tube (Hauser, 1966; Harding and Welsh,
1983). Meanwhile, the methods using the compression bar system
to achieve tensile experiments were also proposed, such as the top-
hat specimen (Lindholm and Yeakley, 1968), and a specimen with a
rigid collar (Nicholas, 1981). Moreover, other direct tension loading
methods for SHTB were also developed: store elastic energy to
stretch a section of incident bar in tension (Staab and Gilat, 1991;
Cadoni et al., 2009), an explosive loading device (Albertini and
Montagnani, 1974), a ballistic apparatus (Goldsmith et al., 1976), a
rotating disk (Kawata et al., 1979; Li et al., 1993), a tubular striker
(Ogawa,1984) to impact the ﬂange attached to the incident bar. The
design of a tubular striker in SHTB was followed by many re-
searchers (Ross, 1989; Li et al., 1993; Chen et al., 2002; Nie et al.,
2009; Huang et al., 2010a) and became the standard design of
modern SHTB system. The detailed SHTB conﬁguration and pro-
cedure are discussed in Section 5.2.1.The details of the Kolsky bar history, recent modiﬁcation and
application have been discussed in ASM handbook (Gray, 2000), in
the recent book (Chen and Song, 2010), and in recent reviews
(Nemat-Nasser, 2000; Field et al., 2004; Gama et al., 2004; Jiang
and Vecchio, 2009; Ramesh, 2008; Zhang and Zhao, 2014). We
will discuss the techniques and methods using SHPB for testing
rocks in this work.2.2. Principles of SHPB system
SHPB consists of three bars: a striker bar, an incident bar, and a
transmitted bar (Gray and Blumenthal, 2000). The impact of the
striker bar on the free end of the incident bar induces a longitudinal
compressive wave propagating in both directions. The left-
propagating wave is fully released at the free end of the striker
bar and forms the trailing edge of the incident compressive pulse εi
(Fig. 1). Thus, the duration of εi depends on the length and longi-
tudinal wave velocity in the striker. Upon reaching the barespec-
imen interface, part of the incident wave is reﬂected as the reﬂected
wave εr and the remainder passes through the specimen to the
transmitted bar as the transmitted wave εt. Strain gauges are used
to record the stress wave pulse on both incident bar and trans-
mitted bar. The principles of the SHTB are similar to those of the
SHPB, except that the way to generate the loading pulse and the
way to grip the specimen are different as will be discussed later.
In most of the tests, the distance between the strain gauges and
the sample should be known, which is needed to determine the
starting point of incident, reﬂected and transmitted pluses. Besides,
the velocity of the striker bar can be measured by simple optical
methods and the strain signals are usually collected using the
Wheatstone bridge circuit with ampliﬁcation.
The diameter of bar is governed by the diameter of rock spec-
imen, which should be at least 10 times the average grain size of the
rock (Dai et al., 2010b; Zhou et al., 2012). Based on the one-
dimensional (1D) stress wave theory, the dynamic forces (see
Fig. 1) on the incident end (P1) and the transmitted end (P2) of the
specimen are (Kolsky, 1949, 1953):
P1 ¼ AEðεi þ εrÞ; P2 ¼ AEεt (1)
where E is the Young’s modulus; A is the cross-sectional area; εi and
εr are the incident strain signal and reﬂected strain signal,
respectively.
The velocities at the incident bar end (v1) and the transmitted
bar end (v2) are:
v1 ¼ cðεi  εrÞ; v2 ¼ cεt (2)
where c is the 1D longitudinal stress wave velocity of the bar.
The displacement of the incident bar end (u1) and the trans-
mitted bar end (u2) are thus:
u1 ¼ c
Zt
0
ðεi  εrÞdt; u2 ¼ c
Zt
0
εtdt (3)
where t is the time.
One of the objectives of an SHPB test is to determine the ma-
terial dynamic stressestrain curve, from which the mechanical
properties can be derived, e.g. dynamic failure strength, dynamic
failure strain and dynamic Young’s modulus. Thus, several methods
have been proposed to determine the dynamic stressestrain curve,
i.e. one-wave analysis (Gray, 2000; Mohr et al., 2010), two-wave
analysis (Gray, 2000; Gray and Blumenthal, 2000), three-wave
analysis (Gray, 2000; Mohr et al., 2010), direct estimate (Mohr
Fig. 1. Schematics of a split Hopkinson pressure bar (SHPB) system and the xet diagram of stress waves propagation in SHPB (after Xia et al., 2011).
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ysis (Perkins et al., 1970; Shan et al., 2000; Gilat et al., 2009), and
inverse analysis (Zhao and Gary,1996; Peirs et al., 2011; Pierron and
Forquin, 2012). These methods have been widely used to calculate
stressestrain curves. However, among these methods, one-wave
analysis method is very popular because of the simplicity of the
formula. The direct estimation method is recommended because it
could provide the most accurate stressestrain curves (Mohr et al.,
2010). The methods for determining the stress and strain his-
tories in SHPB are critically reviewed (Gama et al., 2004; Zhang and
Zhao, 2014). To ensure the accuracy of the measurement results
with the simple one-wave analysis, one has to guarantee valid
testing conditions with some testing techniques, e.g. stress equi-
librium for sample, failure sequences of sample, slenderness ratio of
sample, proper lubrication for minimizing the friction effect (Dai
et al., 2010b; Zhou et al., 2012).
3. Loading techniques in SHPB system for testing rocks
3.1. The pulse shaping technique
Unlike ductile metals, brittle materials have small failure strains
(<1%) and hence if the loading is too fast as in a conventional SHPB
test, the specimen may fail in a non-uniform manner (i.e. the front
of the sample may be shattered while the back remains intact). The
loading pulse in the conventional SHPB system has an approxi-
mately trapezoidal shape accompanied by high level of oscillations.
The oscillations induced by the sharp rising portion of the incident
wave results in difﬁculty in achieving dynamic stress equilibrium
state or constant strain rate in the sample. However, the stress
equilibrium is a prerequisite for valid SHPB tests and the constant
strain rate mainly depends on the rise of the incident wave.
Moreover, the steep rise of the incident pulse can induce premature
failure before dynamic stress equilibrium in the rock sample.
As a rule of thumb, it takes the loading stress wave to travel in
the specimen 3e4 rounds for the stress to achieve such an equi-
librium state. To achieve accurate measurements in SHPB tests, the
dynamic loading has to be slow enough so that the specimen is
experiencing an essentially quasi-static load, and thus the defor-
mation of the specimen is uniform.
Frantz et al. (1984) discussed the incident pulse shaping for
SHPB experiments of metal samples. They emphasized that a slowly
rising incident pulse is a preferred loading pulse in order to mini-
mize the effects of dispersion and inertia, and thus facilitate dy-
namic stress equilibrium of the sample. They also presentedexperimental results to show a properly shaped loading pulse
cannot only provide stress equilibrium in the sample, but also
generate a nearly constant strain rate in the sample. Gray and
Blumenthal (2000) also discussed these issues in their review pa-
per. Due to larger diameter of rock specimen, longer time is
required to facilitate dynamic stress equilibrium of the sample, i.e.
the equilibrium time should be 3e10 times of the transit time, the
time for stress wave to transverse the sample once (Davies and
Hunter, 1963; Lindholm, 1971; Ravichandran and Subhash, 1994).
To change the shape of the incident pulse and to slow down its
rising, one way is to modify the geometry of the striker. For
example, Christensen et al. (1972) used striker bars with a
truncated-cone on the impact end in an attempt to produce ramp
pulses. Frantz et al. (1984) used a striker bar with a large radius on
the impact face to generate a slowly rising incident pulse for the
tests. Li et al. (2000) and Zhou et al. (2012) used tapered or cone-
shaped striker to generate an approximate half-sine loading
waveform, which can achieve the dynamic stress equilibrium and
constant strain rate in the rock sample. Another approach for
shaping pulse is to place a pulse shaper rod (Gerlach et al., 2011) or
an extra specimen between the striker and the incident bars
(Ellwood et al., 1982).
The third way for shaping pulse, maybe a more convenient way,
is to place a small thin disc made of soft materials between the
striker and the incident bars. The disc is called the pulse shaper and
can be made of paper, aluminum, brass or stainless steel, with 0.1e
2.0 mm in thickness. During tests, the striker impacts on the pulse
shaper before the incident bar, thus generating a non-dispersive
ramp pulse propagating into the incident bar. This incident pulse
with slow-rising front facilitates the dynamic force balance across
the specimen (Frew et al., 2001, 2002). The function of the pulse
shaper is to (i) guarantee constant strain rate during the loading
and (ii) maintain force equilibrium across the sample. A wide va-
riety of incident pulses can be produced by varying the geometry of
the pulse shaper (Fig. 2). Depending on the materials under
investigation, different loading pulses are needed and can be ach-
ieved with proper shaper design.
The pulse shaping technique is especially useful for investi-
gating dynamic response of brittle materials such as rocks (Frew
et al., 2001, 2002). Without proper pulse shaping, a large ﬂuctua-
tion of dynamic force occurs on the incident side and a sizeable
distinction exists between forces on the two ends of the specimen,
thus, it is difﬁcult to achieve dynamic stress equilibrium in such
materials because the sample may fail immediately from its end in
contact with the incident bar upon the arrival of the incident wave.
Fig. 3. The momentum-trap system: (a) photograph and (b) xet diagram showing its
working principle (after Xia et al., 2008).
Fig. 2. Different loading pulses produced by pulse shaping with shaper (after Xia,
2012).
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modiﬁed from a rectangular shape to a ramped shape. In addition, a
small rubber disc is placed in front of the copper shaper to further
reduce the slope of rising portion of the pulse to a desired value. In
this case, the forces on the two ends of the specimen do not have
ﬂuctuation and are almost identical before the maximum value is
reached. Thus, the balance of dynamic forces on both ends of the
sample can be achieved.
3.2. Momentum-trap technique
Fig. 3a is the photograph of the momentum-trap system for
SHPB, which is composed of a momentum transfer ﬂange that is
attached to the impact end of the input bar and a rigid mass that is
attached to the supporting I-beam for the bar system.
Denoting the length of the incident bar by l, it takes t0 ¼ 2l/c for
the reﬂected wave to arrive at the impact end of the incident bar.
The reﬂection wave is then reﬂected and changes from the tensile
wave to compressionwave at the input end. As a result, it will exert
dynamic compression to the sample for a second time. In this way,
the sample in a conventional SHPB will thus experience multiple
compressive loading. This kind of multi-loading complicates the
post-mortem examination of tested samples (Nemat-Nasser et al.,
1991). A momentum-trap system similar to that proposed by
Song and Chen (2004) is adopted here. The main idea of this
method is to absorb the ﬁrst reﬂection by a big mass that can be
considered as rigid because of its large impedance (which is equal
to rcA, where r is the density) as compared with the bar.
As shown in Fig. 3b, there is a gap between the ﬂange and the
rigid mass. The distance of the gap, d, is determined by the velocity
of the striker, v0, the length of the input bar, l, and the shape of the
input pulse. It is required that when the reﬂection wave arrives at
the front end of the incident bar, the ﬂange is in contact with the big
mass. As a result, the reﬂected compressivewavewill be changed to
tension due to the interaction between the incident bar and the big
mass through the ﬂange. This requirement is expressed as
d ¼ c
Zt0
0
εiðtÞdt (4)
If there is no pulse shaper between the striker and the input bar,
the particle velocity of the input bar after impact is 0.5v0 for the
case where the striker and input bar are made of the samematerial.
Denoting the length of the striker by ls, the total duration of the
loading pulse is t1 ¼ 2ls/c, which is usually much smaller thant0 ¼ 2l/c. The total displacement of the end of the incident bar
(ﬂange), which is equal to the gap between the ﬂange and the rigid
mass that we need to set is then
d ¼ c
Zt0
0
εiðtÞdt ¼ c
Zt1
0
ðv0=2Þdt ¼ v0ls=c
If there is a pulse shaper between the striker and the incident
bar, we should use the measured incident pulse to determine the
size of the gap using Eq. (4).
As an example shown in Fig. 4, the second compression is
indeed reduced substantially by the momentum-trap so that the
sample will experience essentially a single pulse loading. The sec-
ond loading pulse is composed of a low amplitude compressive
portion followed by a tensile portion. The tensile portion of the
pulse will separate the incident bar from the sample, resulting in
soft-recovery of the sample for valid post-mortem examination. It
is noted that in this test only incident bar is used and thus the
incident wave is 100% reﬂected when there is no trap.
The momentum-trap can also be used in SHTB system. Nemat-
Nasser et al. (1991) proposed a momentum-trap bar to get the
single tension loading and Huang et al. (2010a) further developed
this method, as shown in Fig. 5.
The tensile pulse is reﬂected as a compression pulse at the
interface between the incident bar and the specimen. If there is no
Fig. 4. Comparison of stress waves from the incident bar with and without
momentum-trap (after Xia et al., 2011).
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trap and the ﬂange, the compression pulse will be reﬂected as a
secondary tensile pulse, propagating back and pulling the specimen
again. The absorption bar 1 is placed next to the ﬂange on the
incident bar with a gap. The gap, which can also be calculated by Eq.
(4), should be accurately set to guarantee that the absorption bar 1
is in contact with the ﬂange when the ﬁrst tensile pulse propagates
into the incident bar through the ﬂange. The compression pulse
transmits into the absorption bar 1 and is trapped because theFig. 5. Momentum-trap technique in SHTB syst
Fig. 6. Comparison of (a) the waves in the incident bar with and without front absorption ba
Huang et al., 2010a).interface between the absorption bar 1 and the ﬂange cannot
support tension.
Moreover, to avoid the reﬂection in the transmitted bar, a back
absorption technique is developed, in which the absorption bar 2 is
attached to the back end of the transmitted bar using a special joint
(Fig. 5). The absorption bar 2 has a ﬂange attached to its front end.
Before test, the absorption bar 2 is separated from the transmitted
bar so that this joint is able to sustain tensile load. When the tensile
load is reﬂected at the back end of the absorption bar, it becomes
compressive. The joint cannot sustain compressive load and thus
the reﬂected wave is trapped in the absorption bar 2.
Fig. 6a compares incident wave with and without front ab-
sorption bar. The second wave in the incident bar is reduced by 90%
with the front absorption design. Fig. 6b shows that the reﬂection
wave in the transmitted bar is signiﬁcantly reduced by the back
absorption method. The specimen is thus subjected to one tensile
loading due to the combined momentum-trap method in SHTB.3.3. Multi-axial loading techniques
There are two types of approaches to achieve multi-axial
loading on specimen in SHPB, including true triaxial loading and
multi-axial conﬁning loading. For the former, Cadoni and Albertini
(2011) designed the true triaxial loading apparatus. However, it is
difﬁcult to carry out synchronized multi-axial dynamic loading
during very short dynamic loading time.
The multi-axial conﬁning loading can be classiﬁed as axial
conﬁnement, lateral conﬁnement and triaxial conﬁnement, which
are highly relevant to underground rock engineering problems. As
shown in Fig. 7, the rock mass around an underground opening can
be divided into three zones depending on the distance to the
opening. The conﬁning stress states vary from the dominantlyem (reproduced from Huang et al., 2010a).
r and (b) the waves in the transmitted bar with and without back absorption bar (after
Fig. 7. Zoning of the conﬁning stress states around an underground opening.
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mediate zone, and to the tensile state in the near zone. To effec-
tively consider the dynamic responses of underground rocks, it is
thus desirable to submit rock samples to all of these three stress
states before the dynamic loading.
In tradition the conﬁned SHPB tests for brittle solids, usually
lateral conﬁnements were used, which were achieved by a hy-
draulic pressure chamber (Christensen et al., 1972; Malvern et al.,
1991; Gary and Bailly, 1998) or a passive thick conﬁning vessel
(Gong and Malvern, 1990; Rome et al., 2004; Forquin et al., 2008,
2010). For ﬁne-grained brittle solids like ceramics, other types of
conﬁnements were possible, such as a shrink-ﬁt metal sleeve (Chen
and Ravichandran, 1996, 1997; Yuan et al., 2011) and planar
conﬁnement (Paliwal et al., 2008).
Lindholm et al. (1974) conducted the pioneer work in the dy-
namic tests of rocks under hydrostatic conﬁnement and proposed a
system to determine the dynamic properties of rocks under triaxial
conﬁnement. It is composed of an SHPB systemwith two hydraulic
cylinders and the sample is enclosed in the lateral conﬁning cyl-
inder. The lateral conﬁning cylinder exerts conﬁning stresses in the
transverse direction and the axial conﬁning cylinder applies the
axial conﬁning stress. Their original design was only recently
improved by other researchers (Li et al., 2008; Frew et al., 2010). In
their experimental design, Li et al. (2008) connected the two
pressure cylinders with two tie-rods. Although they claimed that
they can do triaxial conﬁnement, they only showed results on axial
conﬁnement in their work. Using a very similar idea, Frew et al.
(2010) designed a system that can apply hydrostatic conﬁnement
with four tie-rods to connect the two cylinders (shown in Fig. 8).
The method to achieve such a conﬁning state is to ﬁrst expose the
cylindrical rock sample to the conﬁning ﬂuid and then to maintain
the same ﬂuid pressure in both cylinders. They reported dynamicFig. 8. Schematics of conﬁned SHPB systemcompressive responses of Indiana limestone at hydrostatic
conﬁning pressures up to 200 MPa and strain rates of 400 s1.
3.4. Strain controlling technique
The ideal way to study the dynamic damage evolution in the
brittle materials would be to use the real-time three-dimensional
(3D) scanning, which has been applied in quasi-static studies
(Raynaud et al., 1989; Kawakata et al., 1999; Feng et al., 2004;
Desrues et al., 2006). However, it is very challenging to employ
this method in dynamic tests. Thus, strain controlling technique,
also known as deformation controlling method, was developed.
The principle of this method is to control the strain of specimen
during dynamic tests. Huang et al. (2013) performed the SHPB tests
with strain control ring to examine microscopic damage accumu-
lation in brittle solids subjected to dynamic compressive loading.
The system consists of a striker bar, an incident bar, a transmitted
bar, and a strain control ring (shown in Fig. 9). Pulse shaping
technique was utilized to achieve dynamic stress equilibrium and
to eliminate the inertia effect inside the sample subjected to dy-
namic loading. The forces on both ends of the specimen can be
calculated by Eq. (1) and the history of the stress, strain and strain
rate are then calculated (see Section 5.1.3).
A steel ring was mounted on the end of the transmitted bar
(Fig. 9). Because the impedance of the ring is the same as the bars
and much larger than that of the rock, the deformation of sample
will be essentially ceasedwhen its length is equal to that of the ring.
Before this point, the sample ﬁrst deforms freely. Thus, the strain of
the sample is determined by the gap between the ring and the
incident bar. With the different distances of the gap, the strain
levels of specimen can be changed.
The stressestrain curves are shown in Fig. 10 with the same
loading condition. A complete stressestrain curve was achieved
from the rock sample without constraining the strain. The stresse
strain curves of all samples agree well with the complete stresse
strain curve before contact points, where the incident bar hits the
strain control ring. The good agreement validates this method of
studying damage accumulation. The stressestrain curve after con-
tact points represents the combination of behavior of the sample
and the ring. This section of curve is dominated by the behavior of
the ring, resulting in a deviation after the contact point in the curve.
4. Measurement techniques in SHPB system for testing rocks
Besides loading techniques in the SHPB system, quantitatively
obtaining dynamic properties and strain (deformation) ﬁeld is
critical for fully understanding the material behavior and failurefor testing rocks (Frew et al., 2010).
Fig. 9. Schematics of the SHPB with the strain control ring (after Huang et al., 2013).
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gauges mounted on the bars and mechanical extensometers, pro-
vide limited information about dynamic behaviors of rock mate-
rials. Several optical measurement techniques were thus developed
to capture fracture process and reveal fracture mechanism. The
optical measurements for high rate deformation in rock-like ma-
terials have been reviewed by Field et al. (2004) and Zhang and
Zhao (2014). In this section, the optical measurement techniques
for rock materials in the SHPB test are discussed, along with X-ray
micro computed tomography (CT) technique as a non-destructive
pre-test and post-mortem material examination method for SHPB.
4.1. X-ray micro CT technique
The microscopic observation is critical for studying dynamic
damage evolution and dynamic failure of brittle solids. X-ray micro
CT can be used to examine the micro-cracks/voids inside the heat-
treated sample or rocks under static/dynamic loading (Feng et al.,
2004; Huang et al., 2013). The CT value (Hounsﬁeld radiological
density) is used to represent the attenuationwhen the X-ray passes
through the material, and to indicate the density of materials after
scaled with standard materials with the unit of Hu (1000 Hu for
air and 0 Hu for pure water). Thus, the average CT values of samples
can be used to describe the damage introduced by the heat-
treatment or static/dynamic loading.
Because the damage of sample is usually presented as three di-
mensions, the traditional two-dimensional (2D) microscopicFig. 10. The stressestrain curves of samples under various strains (after Huang et al.,
2013).observation technique of SEM (Huang et al., 2010b; Yin et al., 2012)
usually provides incomplete information and involves sample cut-
ting and polishing (Curran et al., 1987). As a promising unique non-
destructive method, X-ray CT technique can provide a 3D micro-
scopic observation to investigate physical properties and failure
mechanics of geomaterials (Vinegar, 1986; Renter, 1989; Vinegar
et al., 1991; Van Geet et al., 2000; Mees et al., 2003; Otani and
Obara, 2004; Viggiani et al., 2004; Matsushima et al., 2006; Yun
et al., 2013; Jia et al., 2014). Real-time X-ray scan has been intro-
duced to observe the fracturemechanism and the damage evolution
for rocks under static loading (Raynaud et al., 1989; Vinegar et al.,
1991; Kawakata et al., 1999; Feng et al., 2004; Viggiani et al., 2004;
Desrues et al., 2006; Bésuelle et al., 2010; Parab et al., 2014). How-
ever, it is difﬁcult and challenging to achieve this in dynamic tests.
Recently, Luo et al. (2012) used X-ray phase contrast imaging (PCI)
technique to acquire 2D image of samples under dynamic loading.
Hudspeth et al. (2013) also utilizedX-ray PCImethod to image single
particle sand interaction, ﬁber-epoxy interfacial failure and single-
crystal silicon fragmentation due to dynamic compression and
tensile loading. The Kolsky bar systems with synchrotron X-ray PCI
technique achieved an image with 500 ns temporal resolution and
2 mm spatial resolution, through which the in situ interior of the
material systemduringhigh rate loadingwas analyzed. Shortlyafter,
high-speed synchrotron X-ray PCI technique was utilized to study
the damage mechanisms in sand particles under dynamic
compressive loading (Parab et al., 2014) and to monitor the in situ
damage history in a dynamically deforming specimen (Chen et al.,
2014). Whereas this technique has limited ﬁeld of view (2e
10 mm) and can only offer a series of 2D results during dynamic
loading. An efﬁcient way to overcome these limitations is to recover
the sample at different deformation levels and conduct post-
mortem examination (Curran et al., 1987).
Huang et al. (2013) employed X-ray micro CT method and
strain-control ring in the SHPB tests to observe microscopic
damage accumulation in brittle solids subjected to dynamic
compressive loading. X-ray micro CT with high resolution was
used to examine the 3D microcrack inside the recovered rock
sample under various strains. The low density areas are the cracks
shown as black lines in Fig. 11a; while the high density areas are
the mineral grains shown as white and gray. Cracks were recog-
nized and transferred to white pixels, while the remainder is
transferred to black pixels in Fig. 11b.
Two perpendicular views of the sample are provided in Fig. 12,
with gray dots representing low density constituents in the sample
such as voids and cracks.
Fig. 12. 3D images of microcracks in the rock sample viewed from two angles. Gray dots
represent cracks and the black arrows are the view directions (after Huang et al., 2013).
Fig. 13. Schematics of the LGG system (after Chen et al., 2009).
Fig. 11. Processing of CT images: (a) 8-bit gray image; (b) processed crack pattern
image (cracks shown as white) (after Huang et al., 2013).
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The laser measurement techniques are usually used for
measuring the specimen deformation (Li and Ramesh, 2007;
Ramesh and Narasimhan, 1996) or the crack opening displace-
ment (COD) (Tang and Xu, 1990; Chen et al., 2009). The principle of
laser measurement technique for obtaining the COD is that the
luminous ﬂux of laser or light passing through a chink on the
specimen is proportional to the electrical signal. When the amount
of laser passing through the chink on the specimen increases with
the COD, the increasing illuminated energy can be detected by high
frequency laser/light detector and thus the variation of COD can be
also calculated by the electrical signal recorded.
In the fracture tests conducted by SHPB system, a laser gap
gauge (LGG) system was utilized to monitor the opening of the
notch and thus to reduce the opening velocity of the cracked
fragments (Chen et al., 2009). As shown in Fig. 13, the system
consists of three major components: the collimated line laser
source, the sensing system and the mounting system. LGG is
mounted perpendicular to the bar axis and the laser passes through
the notch in the center of the specimen.
Before the test, the calibration of LGG system should be con-
ducted under both static and dynamic conditions (Chen et al.,
2009). For static calibration, a set of high accurate gauges was
used to partly block the probe laser. With the increase of blockingwidth, a speciﬁc blocking width corresponded to a light-passing
width Dd and a certain amount of voltage reading DU in the de-
tector. Then, the calibration parameter of the LGG system can be
calculated. For the dynamic calibration, while one end of the inci-
dent bar was impacted with the striker bar, the LGG was used to
monitor the motion of the other free end of the incident bar. The
displacement of the free end of incident bar can be obtained from
the incident and reﬂected waves measured from the strain gauge
glued on the incident bar with the following formula:
Dd ¼
Zt
0
ðεi þ εrÞcds (5)
During the test, as the notch opens up, the amount of light
passing through the specimen increases, leading to a higher voltage
output from the detector. The voltage is linearly proportional to the
gap width and thus the crack surface displacement can be reduced.
The detailed experimental procedures using the LGG system in the
SHPB testing are presented in Section 5.4.
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With the progress of advanced image processing methods
(Siviour et al., 2011), high-speed calculation and high-speed cam-
era, the DIC technique has become a promising and popular tool for
brittle materials in high loading rate tests (Siviour and Grantham,
2009; Sutton et al., 2009; Zhang and Zhao, 2013a; Gao et al.,
2014). On one hand, this technique can be applied to experiments
with a broad ﬁeld range frommicroscale to ﬁeld scale. On the other
hand, adopting the high-speed camera with the high spatial and
temporal resolution, the DIC technique can also be applied to a
wide range of loading rates (Zhang and Zhao, 2013a).
As a non-contact and optical full-ﬁeldmeasurementmethod, the
DIC technique is easy to be applied and provides satisfactory reso-
lution of the displacement ﬁeld. The DIC method deals with a
reference image recorded before deformation and a series of
deformed images recorded after deformation. The basic principle of
DIC is to track and match the same pixel points located in various
deformed images (as shown in Fig.14). Generally, instead of tracking
a single pixel, a square reference subset or subimage
(2N þ 1)  (2N þ 1) centered at the considered point is chosen and
tracked in the deformed images using selected correlation function
such as zero-normalized cross-correlation (ZNCC) (Bornert et al.,
2009; Pan et al., 2009; Rastogi and Hack, 2012; Amiot et al., 2013).
The purpose of DIC algorithms is to ﬁnd the displacement of the
center of each subimage. By optimizing the correlation coefﬁcient,
the location of a subimage in the deformed image is found and the
displacement components of this subset center can be determined.
The corresponding point P0(x0,y0) after deformation related to the
coordinate P(x,y) in reference image can be calculated as
x0 ¼ xþ uþ vu
vx
Dxþ vu
vy
Dy
y0 ¼ yþ vþ vv
vx
Dxþ vv
vy
Dy
9>>=
>>;
(6)
where u, v are the displacement components of the subset center
point O in x, y directions, respectively; Dx and Dy are the distances
from point P to point O; and vu/vx, vu/vy, vv/vx and vv/vy are the
gradients of displacement components for the subset shown in
Fig. 14. By optimizing the correlation function, the peak position of
the distribution of correlation coefﬁcient can be searched and thusFig. 14. Schematics of reference and defothe horizontal displacement u and the vertical displacement v can
be determined. If the same tracking procedure is repeated on the
other points of interest, full-ﬁeld displacements of the zone of in-
terest (ZOI) are obtained. Then, the full-ﬁeld strains can be
computed from the full-ﬁeld displacement. Finally, other parame-
ters, e.g. stress, fracture toughness, and fracture velocity, can be
calculated from the full-ﬁeld strains (Hild and Roux, 2006; Avril
et al., 2008; Pan et al., 2009; Rastogi and Hack, 2012; Gao et al.,
2014).
The SHPB experimental setup for DIC measurement is shown in
Fig. 15, which mainly includes a striker, an incident bar, a trans-
mitted bar, an absorption bar and a high-speed camera. The inci-
dent wave signal was used to synchronize the high-speed framing
camera and the ﬂash light in the tests. The focus of high-speed
camera was adjusted manually under focused mode to obtain im-
ages with optimal quality. The captured images were processed
ﬁrst to enhance image quality and then used for post-analysis using
a program to obtain the surface deformation characteristics (e.g.
displacement and strain ﬁelds, onset of fracture).
With the DIC technique, the SHPB tests were performed to
determine dynamic properties of rocks (Zhang and Zhao, 2013a,
2013b; Gao et al., 2014). The displacement and strain ﬁelds dur-
ing the whole process were ﬁrst determined using DIC method. The
location of the crack tip, the fracture initiation toughness, the
fracture propagation toughness, the fracture energy, the dynamic
tensile strength, and the dynamic uniaxial compressive strength
were subsequently calculated using the deformation ﬁelds. The DIC
method also provides much more information on the fracture
propagation process and the reliable full-ﬁeld strain ﬁelds in the
specimens under dynamic loads (Zhang and Zhao, 2013a).4.4. Moiré methods
Moiré techniques have been introduced to measure the
displacement ﬁelds of specimens. Dynamic Moiré techniques have
also been developed to measure the critical time of dynamic frac-
ture and wave and fracture propagation in rock samples (Daniel
and Rowlands, 1975; Yu and Zhang, 1995; Zhang et al., 1999).
The conﬁguration of dynamic Moiré method is shown in Fig. 16.
Two optical gratings were mounted to each side of the specimen
separated by the main crack plane. The centers of both gratings
were installed on the same section of the tip of the pre-machinedrmed subsets (after Gao et al., 2014).
Fig. 15. Schematics of the SHPB testing system with high-speed camera (after Gao et al., 2014).
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the value of COD can be recorded from the relative movement of
the two gratings. Once the crack approaches the critical state, the
speed of the crack open displacement (SCOD) reaches an extreme
value. This moment is considered to be the critical time of dynamic
fracture, which can be determined by the curve of the SCOD with
time obtained by experimental results (Yu and Zhang, 1995).
The magnitude of signal recorded from the two optical gratings
on the specimen changes periodically. According to the operating
principles of the optical gratings, one period of the signal repre-
sents a constant displacement in which the two gratings move
relatively to each other. The total displacement represents the COD.
Then the data of the COD with time can be obtained and thus the
SCOD with time can be derived from the COD. The values of the
critical time of dynamic fracture measured by the dynamic Moiré
method can be determined and the corresponding fracture
toughness can also be calculated (Zhang et al., 1999). Because theFig. 16. Schematics of the dynamic Moiré technique. (1) Rock specimen; (2) optical gratin
recorder; and (7) high-voltage power (after Zhang et al., 1999).measurements are inferred from the gratings, the inertial effect of
the gratings is assumed to be negligible.
4.5. Caustics method
The caustics method has been employed to investigate dynamic
fracture of transparent materials (Field et al., 2004; Ravi-Chandar,
2004) and opaque material with reﬂective surface (Yang et al.,
2009). The caustics method for transparent materials requires
mirror surface ﬁnish of the specimen, which is hard for rocks.
Therefore, this caustics system is not applicable for rock materials
(Field et al., 2004; Zhang and Zhao, 2014). A reﬂective dynamic
caustics system is shown in Fig. 17. This system is employed with an
impact load system, a multi-spark high-speed camera and a light to
electric signal transducer. The high-speed camera system contains
a 4 4 array point light source, ﬁeld lenses, a half-reﬂective mirror,
and a 4  4 array camera. The output aperture of the spark gapgs; (3) HeeNe laser; (4) optical conductive ﬁber; (5) photo-multiplier; (6) transient
Fig. 17. Schematics of experimental optical system for reﬂected caustics. Sdlight source, Fdﬁeld lenses, Mdhalf-reﬂective mirror, Ldcamera, Rdreference plane (after Yang et al.,
2009).
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obtaining the caustic spot. The light from each spark is ﬁrst re-
ﬂected by themirror surface of the specimen. It then enters into the
camerawhere the caustic images are obtained. A time delay control
circuit was applied to synchronize the impact load with the sparks
(Yang et al., 2009).
With the caustic image, the location of crack tip during crack
propagation can be accurately determined. Hence, the crack growth
length and the crack growth velocity can be measured at each time
instance. Besides, according to the caustic patterns of crack tip
propagation in mode I, values of the dynamic stress intensity factor
(SIF) can be determined as follows (Yang et al., 2009):
KdI ¼
2
ﬃﬃﬃﬃﬃﬃ
2p
p
FðvÞ
3Z0dzh3=2

Dmax
3:17
5=2
(7)
where Dmax is the maximum transverse diameter of the caustic at
the crack tip; h is a convergence factor for incident light, h ¼ Z1/
(Z1 þ Z0), Z0 is the distance between the specimen plane and the
image plane, Z1 is the distance from the reference plane to the
focus; d is the effective thickness of the specimen; z is the dynamic
optical constant; and F(v) is a velocity correction factor.
It is noted that the caustic method is based on singular term of
the dynamic stress ﬁeld around a crack. For a fast propagation
fracture, more terms are necessary to describe the stress ﬁeld and
thus error of the caustic method would be signiﬁcant (Xia et al.,
2006).
4.6. Photoelastic coating method
The photoelastic coating method extends photoelastic method to
measure the surface full-ﬁeld stress on opaque materials. The pho-
toelastic coating technique consists of a light source, a set of reﬂection
polarizer sheets, birefringent coatings and a camera. This method
requires elaborate andwell-polished surface of the specimen. Since a
thin sheet of photoelastic material is glued directly to the well-
polished surface of materials with a reﬂective cement, the photoe-
lastic coating will deformwith the material. Thus, in the coating, the
strainﬁeldwill beproduced, representing the strainﬁeldofmaterials.
By employing a set of reﬂection polarizer sheets, the isochromatic-
fringe patterns can be recorded and thus used to determine the
crack propagation and dynamic parameters of rock material.A qualitative investigation of wave and crack tip propagation in
marble specimen has been performed by Daniel and Rowlands
(1975). However, the failure of a continuous birefringent coating
on specimen may cause error since the coating failure may not
represent the fracture of material. To address this problem, a split
birefringent coating can be glued on the both sides of the antici-
pated path of the crack (Zhang and Zhao, 2014).
4.7. Dynamic infrared thermography
Using the energy dissipation and temperature variation due to
bulk dynamic deformation and fracture, the infrared thermography
can transform the thermal energy emitted by specimen in the
infrared band spectrum into a visible image. Shi et al. (2007)
employed thermal infrared (TIR) imager to monitor the transient
process of marble plates impacted by a high-speed striker. By using
thermal infrared radiation camera, the thermal infrared radiation
energy can easily be measured since there is a distinct variation in
temperature due to impact. The results show that there is a critical
impact velocity at which target thermography is regular and cen-
trally symmetrical and this method might be extended to analyze
the fracture and strain ﬁeld for rock materials under dynamic
loading.
5. Dynamic testing methods for rocks
5.1. Dynamic compression tests
The compression tests of SHPB are based on two fundamental
assumptions: (i) 1D elastic wave propagation in the bars and (ii)
homogeneous deformation of the sample (Kolsky, 1953). The
assumption of 1D stress wave propagation is ensured by using long
bars, and the elasticity of the bar deformation is guaranteed
throughout the test by limiting the impacting velocity of the striker.
The homogeneity of the sample deformation is affected mainly by
two factors: inertial effects (i.e. the axial inertial effect and the
radial inertial effect) and the interfacial friction effect.
5.1.1. Inertia effects and slenderness ratio
For high strain rate tests, inertial effect becomes more signiﬁ-
cant, which has to be reduced or eliminated to carry out valid and
precise dynamic tests. The inertial effect attributes to the apparent
Fig. 18. The sample in the compression test using SHPB (after Dai et al., 2010b).
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slenderness ratio (i.e. the length to diameter ratio) of the sample
has long been studied because it plays a major role in the inertial
effects during the dynamic SHPB test. Based on the synthetic
analysis of both axial and radial inertia effects, Davies and Hunter
(1963) suggested an optimal slenderness ratio of L=D ¼
ﬃﬃﬃ
3
p
n=2,
where L is the length of the cylindrical sample, and n is the Poisson’s
ratio of the testing material. This suggested slenderness ratio has
been frequently used to design the sample geometry for metals
(Meng and Li, 2003). To limit the inertial effects associated with
stress wave loading, the slenderness ratio of samples cannot be too
large. When SHPB is ﬁrst introduced to the dynamic testing com-
munity, the incident wave is in rectangular shape with a sharp
rising edge and high oscillation, it is harder to minimize the axial
inertial effects because it takes longer time for the sample to reach
stress equilibrium. However, with developed pulse shaping tech-
nique (Frew et al., 2001, 2002), even a relative long compressive
sample can easily obtain stress equilibrium, thus reducing the axial
inertial effects to a negligible amount. For the radial inertia effect,
signiﬁcant progress has been accomplished in experimental tests
(Zhang et al., 2009), theoretical investigations (Forrestal et al.,
2007) and numerical simulations (Li and Meng, 2003; Li et al.,
2009; Lu et al., 2010). These studies demonstrate that inertial-
induced radial conﬁnement makes a large contribution to the
enhancement of compressive strength when the strain rate is
greater than the critical transition value, and the radial inertial ef-
fect is proportional to D2s , where Ds is the diameter of sample. A
review of radial inertial effect on the compression behavior of
concrete was presented by Bischoff and Perry (1991).
5.1.2. Friction effect
Friction effect is another major concern in SHPB test. As early as
SHPB was ﬁrst introduced as a useful dynamic testing tool, it was
realized that the interfacial friction on both ends of the sample may
affect the testing results (Kolsky, 1949, 1953). When the sample is
loaded by the compressive stress wave in the SHPB test, it expands
radially due to the Poisson’s effect. If the sample/bar interfaces are
not sufﬁciently lubricated, the resulting interfacial friction force can
be signiﬁcant. This friction force inﬂuences the accuracy of the
testing results by applying a dynamic conﬁnement to the
compressive specimen, whose stress state should be uniaxial by
assumption. This additional sample stress can yield pseudo rate
effects of the material (Schey et al., 1982), e.g. Shewmon and Zackay
(1961) mistakenly concluded that the aluminum alloy was a rate
sensitive material because they glued the sample on the bars dur-
ing their tests. In addition, the sample is no longer deforming
uniformly because of this dynamic conﬁnement (Narayanasamy
and Pandey, 1997), whose effect is the largest on the ends and di-
minishes toward the center of the specimen. Bell (1966) examined
the distribution of stress and strain in the SHPB tests and found that
there exists marked discrepancy between themeasured strain from
SHPB data reduction and the strain directly measured from the
sample surface. With the ﬁnite difference method, Bertholf and
Karnes (1975) simulated SHPB tests on samples with three types
of slenderness ratios and interfacial frictions to investigate both
inertial effects and interface friction effects. They drew the same
conclusions as Bell (1966) that without enough lubrication at the
boundary interfaces, the stress state in the sample is inhomoge-
neous and big deviation of measurement occurs inevitably.
Malinowski and Klepaczko (1986) presented a united analytic and
numerical approach to investigate inertia and friction effects in
SHPB tests on annealed aluminum with consideration of energy
balance. They concluded that proper treatment of frictional effects
along with inertia is crucial for the determination of accurate ma-
terial response during plastic deformation. Some researchers haveperformed experiments on ring specimens and have suggested that
the friction effect can be well reduced (Hartley et al., 2007; Zhang
et al., 2009; Alves et al., 2012). Gray (2000) stated that friction
can be reduced by minimizing the area mismatch between the
specimen and bars (DSz 0.8DB). Meng and Li (2003) revisited the
combined effects of slenderness ratio and the interface friction
numerically. Lubrication is recommended to minimize the friction
effect, but cannot eliminate the friction effect.
To limit the friction effect, the slenderness ratio of a compressive
sample should be large enough. This can be manifested from a
recommended slenderness ratio of 2 or larger for static compres-
sive tests of rocks by the ISRM (Bieniawski and Bernede, 1979). On
the other hand, the slenderness ratio should be short enough to
limit the inertia effects. Thus, an optimal slenderness ratio is
needed to minimize both the inertial effects and the friction effect
(Xia, 2012).5.1.3. Dynamic uniaxial compression method
Dynamic compression is the most common test using SHPB. The
histories of stress s(t), strain ε(t) and strain rate _εðtÞ within the
sample in the dynamic compression tests (Fig. 18) can be derived as
(Kolsky, 1949):
sðtÞ ¼ A
2A0
Eðεi þ εr þ εtÞ
εðtÞ ¼ c
L
Zt
0
ðεi  εr  εtÞdt
_εðtÞ ¼ c
L
ðεi  εr  εtÞ
9>>>>>=
>>>>>;
(8)
where A is the area, and A0 is the initial area of the sample.
Assuming that the stress equilibrium condition or uniform defor-
mation prevails during dynamic loading (i.e. P1 ¼ P2 or εi þ εr ¼ εt)
in Eq. (8), Eq. (8) can be rewritten as
sðtÞ ¼ P1 þ P2
2A0
¼ A
A0
Eεt
εðtÞ ¼ 2c
L
Zt
0
εrdt
_εðtÞ ¼ n1  n2
L
¼ 2c
L
εr
9>>>>>=
>>>>>;
(9)
To avoid end effect, the sample with slenderness ratio of 2 or
larger is normally used in static compression tests. As discussed
above, the slenderness ratio has been a fundamental issue in dy-
namic compression tests with SHPB because it has a major
Fig. 20. Dynamic compressive strengths with loading rates measured from rock
samples with varying slenderness ratio of 0.5, 1, 1.5 and 2 (after Dai et al., 2010b).
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facilitate dynamic stress equilibrium and are thus preferred. The
higher the slenderness ratio of the sample, the higher the axial
inertial effects, and the lower the relative radial inertial effects (also
the friction effects).
In conventional SHPB tests, a rectangular incident wave is
generated by a direct impact of the striker to the free end of the
incident bar. This incident wave features a very sharp rising part
with signiﬁcant oscillations. Thus, for standard SHPB method, the
recommended slenderness ratio is from 0.5 to 1 (Gray, 2000).
However, for brittle solids like rocks with small failure strain, the
sample may fail immediately from its end when it is impacted by
the incident bar. Hence, the pulse shaping technique has been
widely utilized for SHPB testing on brittle materials such as rocks.
With the pulse shaping technique, the striker impacts the pulse
shapers right before the incident bar, generating a non-dispersive
ramp pulse propagating into the incident bar and thus facilitating
the dynamic stress equilibrium in the specimen (Frew et al., 2001,
2002). Under stress equilibrium, the stress gradient vanishes, and
inertial effects induced by stress wave propagation are thus mini-
mized. Xia et al. (2008) used the C11000 copper disc in combination
with a small rubber disc together as the shaper to transform the
incident wave from a rectangular shape to a ramped shape. Fig. 19
shows the dynamic stress in a typical dynamic compression test. It
is shown that the time-varying stresses on both sides of the sam-
ples match with each other before the peak point is reached during
the dynamic loading. The sample is thus in a state of dynamic stress
equilibrium. It is also noted that the resulting stress on either side
of the sample also features a linear portion before the peak, thus
facilitating a constant loading rate via _s ¼ k1A=A0. The parameter
k1 in the equation is illustrated in Fig. 19. Since there is no stress
gradient in the sample (dynamic stress equilibrium has achieved),
the axial inertial effect is thus negligible.
Without the axial inertial effect for brittle materials in SHPB
tests, the effect of the slenderness ratio on dynamic compressive
strength of rock-like materials has also been studied under the
dynamic stress equilibrium (Dai et al., 2010b). As shown in Fig. 20,
there are no signiﬁcant differences of strengths from samples with
selected slenderness ratios. For dynamic compression tests on
rocks, it can be concluded that with bar/sample interfaces fully
lubricated and thus with axial inertial effects minimized, the
slenderness ratio has little inﬂuence on the testing results within
the range of 0.5e2. Therefore, the samples with a slenderness ratio
of 1 are recommended in dynamic compression tests of rocks for
convenience since it is difﬁcult to hold shorter samples during
sample fabrication. In the ISRM suggested methods for rockFig. 19. Dynamic stresses on both ends of disc specimen tested using a modiﬁed SHPB
with careful pulse shaping (after Dai et al., 2010b). In, Re, Tr denote incident, reﬂected
and transmitted wave, respectively.dynamic compression, both slenderness ratios of 0.5 and 1 are
acceptable (Zhou et al., 2012).
To manifest the friction effect on the measured strength, the
samples with three different friction boundaries on the bar/sample
interfaces for the sample slenderness ratio of 1 were used by Dai
et al. (2010b): fully lubricated with vacuum grease, dry and
bonded. The bonded bar/sample interface completely restricts the
motion of the rock surfaces on the bar and is believed to provide the
maximum dynamic conﬁnement to the sample. Fig. 21 illustrates
the trend of the rate effects of compressive strength under these
three boundary friction conditions with dynamic stress balance on
both ends of the sample and a constant loading rate. Samples with
bar/samples interfaces fully lubricated yield the lowest measured
compressive strength while the samples with bonded interfaces
own the highest. Thus, the friction effect in dynamic compressive
tests on rocks is signiﬁcant. The measured compressive strength
increases with increasing friction involved in the tests. To obtain
the actual dynamic compressive response of rocks, the bar/sample
interfaces should be sufﬁciently lubricated.
With three types of lubricated bar/sample interfaces, the
recovered samples from the tests with the data points of A, B and CFig. 21. Dynamic compressive strengths with loading rates measured from rock
samples (L/D ¼ 1) with three interfacial friction boundaries (after Dai et al., 2010b).
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samples in these three typical tests were approximately subjected
to the same incident wave. With bar/sample interfaces fully lubri-
cated, the samples are completely fragmented into small pieces,
featuring a typical splitting failure mode. This failure mode con-
ﬁrms 1D stress states during the dynamic tests. In contrast, with
friction constrain at the boundary interfaces, the splitting is con-
strained signiﬁcantly and the recovered samples feature a shear
cone. It can be concluded that without proper lubrication, the
measured strength values will be over-estimated and the failure
mode will also be quite different.
5.2. Dynamic tension test
For rock materials, dynamic tension tests can be approximately
categorized into two approaches: direct tension (Howe et al., 1974;
Goldsmith et al., 1976; Huang et al., 2010a) and indirect tension
(Klepaczko and Brara, 2001; Wu et al., 2005; Schuler et al., 2006;
Dai et al., 2008; Kubota et al., 2008; Wang et al., 2009; Zhou
et al., 2012). For dynamic direct tension method, the specimen is
subjected to dynamic tensile load which is directly generated by
SHTB. The dynamic indirect tension method includes Brazilian disc
(BD) method (Zhou et al., 2012), semi-circular bend (SCB) method
(Dai et al., 2008) and spalling method (Klepaczko and Brara, 2001;
Wu et al., 2005; Kubota et al., 2008; Erzar and Forquin, 2010).
5.2.1. Dynamic direct tension method
In order to generate directly dynamic tensile loading in spec-
imen, the tensile versions of Kolsky bar system have been
designed. The early design of dynamic tension experiments was a
hollow tube, inside which incident and transmitted bars with a
specimen sandwiched in between are placed (Hauser, 1966;
Harding and Welsh, 1983) (Fig. 22a). The principle of this deviceFig. 22. Schematics of four types of dis to convert the external axial compression impact in external
tube into tension wave in incident bar via the external tube where
the Kolsky bar system is placed. This approach was just an
extension of a compression version of Kolsky bar system and
directly utilized the launching system of a compression bar sys-
tem. However, since the whole setup was inside a solid tube, it is
inconvenient for instrumentation (e.g. strain gauge) and direct
observation of the specimen deformation. Then, a new conﬁgu-
ration with top-hat specimen was proposed by Lindholm and
Yeakley (1968), where a top-hat specimen is placed between the
solid incident bar and the hollow transmission tube (Fig. 22b).
When the compression stress wave in the incident bar arrives at
the specimen, a tensile load is produced on the specimen gauge
section and a compression stress wave is transmitted into the
transmitted tube. The advantage of this design is that the spec-
imen does not need to be attached to the bar ends. Nicholas (1981)
introduced a way to use only the compression bar system to
achieve tensile experiments (Fig. 22c). The modiﬁcations include
(i) the specimen which is threaded into the incident bar and
transmitted bar, and (ii) a rigid collar placed over the specimen.
The function of rigid collar allows the initial compression wave to
pass through the collar without virtually touching the specimen
and most of the initial compression energy is transferred into the
transmitted bar. The transmitted compression wave is reﬂected to
be a tensile wave, and propagates back to load the specimen only
because the collar cannot support tensile load. However, in this
design, the specimen with the collar will inevitably deform when
subjected to the initial compression wave.
The most efﬁcient loading method for Kolsky tension bar is
direct tension. The ﬁrst way is to store elastic energy by stretching a
section of incident bar in tension (Staab and Gilat, 1991; Cadoni
et al., 2009). A clamp is used to divide the pre-stressed and stress
free section in the incident bar. Suddenly releasing or breaking theynamic direct tension methods.
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waves which load dynamically on the specimen in form of tension.
Nevertheless, it is difﬁcult to control this sudden release of energy.
The second way of direct tension loading is to impact a ﬂange at the
end of the incident bar. A rotating disk with an impact hammer is
an approach to strike the ﬂange (Kawata et al., 1979; Li et al., 1993).
The hammer, which is released by a controller at a certain speed,
impacts on the block which is linked with the incident bar by a
ﬁxed metal bar. This ﬁxed metal bar is then fractured by stretching,
which generates a tensile stress wave in the incident bar. Albertini
and Montagnani (1974) used both a rapid fracture of a clamp in a
pre-stressed bar and an explosive loading device to produce a
tensile pulse into the incident bar (Fig. 22d). Goldsmith et al. (1976)
employed a ballistic impact to generate a tensile pulse. In this
design, a short platewas attached to one end of the incident bar and
a ball was shot at the plate using a gas gun placed next to the bars.
The tensile pulse in the bar may be accompanied by the bending
wave which was generated by the asymmetric loading.
Another direct tension loading is to utilize a tubular striker to
impact the ﬂange of the incident bar. Sliding freely on the incident
bar, the tube impacts on the ﬂange attached to the end of the
incident bar, producing a tensile stress wave (Ogawa, 1984). The
design is similar to the compression version of Kolsky bar except
the tube striker and connection between the specimen and bars,
and becomes the standard design of modern SHTB.
The SHTB system for measuring the dynamic tensile strength is
shown in Fig. 23, which consists of a striker tube, an incident bar, a
transmitted bar, and two absorption bars. The stress pulse is
measured by two strain gauges, which are mounted on the incident
bar and the transmitted bar, respectively. For ductile material, the
screw thread connectionwas widely utilized to employ the tension
specimen in the bar system. This connection method usually in-
duces inevitable gaps between specimen and bars, which causes
multiple mini-impacts in the gaps and thus results in oscillations in
stress wave and signiﬁcant error in data reduction. Thus, epoxy glue
is used to attach the specimen to the incident bar and the trans-
mitted bar, which signiﬁcantly improves the quality of the waves.
Two types of rock specimens for direct tensile test were designed:
dumbbell-shaped specimen (Fig. 24a) (Huang et al., 2010a) andFig. 23. Schematics of an SHTB system and the xet diagram of sbone-shaped specimen (Fig. 24b) (Howe et al., 1974; Goldsmith
et al., 1976).
The tensile force on both ends of the specimen can be calculated
by Eq. (1) and the histories of stress, strain and strain rate can be
obtained from Eq. (9). In order to achieve dynamic force equilib-
rium, the pulse shaping technique was used during dynamic
loading. Fig. 25 shows a typical tensile force without and with the
pulse shaper, where T1 and T2 are the tensile force on both ends of
the specimen, respectively. Without the pulse shaper, the force
mismatch between T1 and T2 exists, which induces error for tensile
strength. However, with the pulse shapers, the dynamic force bal-
ance is achieved during entire loading period and the inertial ef-
fects thus can be eliminated. Since the impact surface is the cross-
section of tube, two copper discs are placed symmetrically on the
incident ﬂange. The striker tube impacts the two copper discs prior
to the incident ﬂange. The deformation of two copper discs gen-
erates a smooth rising tensile pulse propagating into the incident
bar.
Fig. 26 shows the tensile strength values of Laurentian granite
increasing with the increase of the loading rate. This trend is
characterized by a linear ﬁtting in Fig. 26.
The nominal surface energy of Laurentian granite can be
calculated by fracture energy and the area of the new surface. The
fracture energy can be derived from the difference of the energies
carried by the incident, reﬂected and transmitted waves. Fig. 27
illustrates that the surface energy increases with the loading rate.
The physical mechanism of this loading rate dependence is of the
same nature as the loading rate dependence of the fracture energy
for the same rock (Huang et al., 2010a). The increases of the surface
roughness and volumetric damage of materials adjacent to the
fracture plane mainly contribute to the increase of fracture energy.
5.2.2. Dynamic indirect tension method
For dynamic direct tension methods discussed above, there are
several limitations: (i) the requirement of alignment is very strict to
avoid bending; (ii) the complex shape of the specimen for avoiding
pre-mature failure leads to high cost of sample preparation; (iii) a
proper high strength epoxy glue is required for joining the sample
to the bar. The dynamic indirect tension methods not only providetress waves propagation in SHTB (after Huang et al., 2010a).
Fig. 24. Schematics of two types of dynamic direct tension samples (unit: mm).
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methods, but also are convenient for instrumentation.
(1) Brazilian disc (BD) method
SHPB has also been adopted to conduct indirect tension tests for
measuring the tensile strength of brittle solids like rocks. The BD
method is based on the fact that the rock is much weaker in tension
than in compression and thus the diametrically loaded rock disc
specimen fails due to the tension along the loading diameter near
the center. The BD specimen in the SHPB system is shown sche-
matically in Fig. 28a, where the sample disc is sandwiched between
the incident bar and the transmitted bar. Provided a quasi-static
state has been achieved in the sample during the test, the dy-
namic tensile strength is determined by the following equation
(Iqbal et al., 2008):
st ¼ 2PfpDB (10)
where st is the tensile strength, Pf is the load when the failure oc-
curs, and B is the disc thickness. Under quasi-static state, Pf co-
incides with the maximum loading to the sample.
The conventional SHPB tests were conducted using the BD
method on marbles (Wang et al., 2006) and argillites (Cai et al.,
2007). These attempts followed the pioneer work on dynamic BDFig. 25. Dynamic force balance of SHTB test (a) without and (b) with the pulse shaping
technique (after Huang et al., 2010a).tests of concretes using SHPB (Ross et al., 1989, 1995; Tedesco et al.,
1989). The details of major development on the BD method using
SHPB were reviewed by Zhang and Zhao (2014).
The BD method has been suggested by the ISRM as a recom-
mended method for static tensile strength measurement of rocks
(Bieniawski and Hawkes, 1978). Using the BD method, Zhao and Li
(2000) measured the dynamic tensile properties of granite using
a hydraulic loading system. For quasi-static and low-speed BD tests,
it is reasonable to use the standard static equation to calculate the
tensile strength. For dynamic BD tests conducted with SHPB
featuring stress wave loading, the application of the quasi-static
equation to the data reduction is also veriﬁed by numerical simu-
lations (Hughes et al., 1993; Zhu and Tang, 2006) and experimental
methods (Gomez et al., 2001; Xia et al., 2011; Zhang and Zhao,
2013a). The condition under which the static analysis is valid is
the satisfaction of dynamic force balance in dynamic BD tests.
Gomez et al. (2001) utilized photoelastic method to obtain the
photoelastic fringe patterns of Homalite-100 disc samples under
both quasi-static and dynamic loading conditions. Both photoe-
lastic fringe patterns showed that the stress equilibrium condition
of disc samples is satisﬁed. Zhang and Zhao (2013a) employed DIC
to gain high-speed image and dynamic strain ﬁelds of BD specimen
of Fangshan marble, which demonstrates that the stress equilib-
rium on both ends of BD is also satisﬁed. Xia et al. (2011) investi-
gated the stress equilibrium of BD specimens in the SHPB test using
high-speed camera and numerical simulations. Fig. 29 illustrates
the time-varying forces in a typical test without pulse shaping and
with careful pulse shaping technique. Without the pulse shaping,
the generated incident wave is a square compressive stress waveFig. 26. Dynamic tensile strength of Laurentian granite (after Huang et al., 2010a).
Fig. 27. Nominal surface energy of Laurentian granite as a function of the loading rate
(after Huang et al., 2010a).
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quency oscillations. Thus, the dynamic forces on both ends of the
sample vary signiﬁcantly and have a sizeable distinction between
P1 and P2. However, with the careful pulse shaping, it is evident that
the time-varying forces on both sides of the samples are almost
identical before the peak point is reached during the dynamic
loading. The resulting force on either side of the sample also fea-
tures a linear portion before peak, thus facilitating a constant
loading rate via _s ¼ 2k2=ðpDBÞ, where the parameter k2 is illus-
trated in Fig. 29.
For a valid Brazilian test, the disc sample should break ﬁrst along
the loading direction somewhere near the center of the disc
(Shewmon and Zackay, 1961; Hudson et al., 1972). To verify this, Xia
et al. (2011) used a high-speed camera to monitor the fracture
processes of the BD test. The failure process of the BD test without
and with pulse shaping is shown in Fig. 30. Without pulse shaping,
the ﬁrst breakage emanates from the incident side of the sample
after the incident wave arrives at the bar/sample interface. Soon
after that, damages also occur from the transmitted side of the
sample. Thus, the splitting of the disc is triggered by the damages at
the loading points and then expands to the center of the disc. Since
the cracking of the BD initiates from the loading ends, not fromFig. 28. Schematics of Brazilian dissomewhere near the center of the disc, the working principle of a
BD test is violated and the standard equation (Eq. (10)) is invalid for
reducing the tensile strength from the tensile stress history at the
disc center. With pulse shaping, the BD sample achieves force
balance. In sharp contrast to the images from the non-pulse shaped
BD tests, this disc cracks near the center, then the fracture propa-
gates bilaterally to the loading ends. The next two frames illustrate
the splitting trajectory of the sample; and the disc specimen is split
completely into two fragments approximately along the center line
of the sample (Fig. 30). Because the splitting of the disc initiates
near the center, the tensile strength can be determined as long as
we can accurately determine the tensile stress of the disc at failure.
Moreover, for conventional dynamic compression tests with
SHPB or direct tension tests with SHTB, the samples are cylindrical
and thus the force balance at the ends ensures the stress equilib-
rium throughout the sample. However, the disc is 2D; the force
balance on the boundaries does not necessarily ensure dynamic
equilibrium within the entire sample. A further comparison of the
stress history at a point of interest from full dynamic analysis with
that from quasi-static analysis is necessary. The histories of the
stress components, sx (in tension) and sy (in compression), at the
disc center (potential failure spot) for dynamic and quasi-static
ﬁnite element analyses are compared in Fig. 31a and b, respec-
tively. The stress states at the disc center from both quasi-static and
dynamic data reductions match with each other. Hence the quasi-
static analysis with the far-ﬁeld loading measured as input can
accurately represent the stress history in the sample provided the
force balance on the sample ends, and the standard BD equation
(Eq. (10)) can be used to reduce the tensile strength.
In quasi-static BD tests, although the BD sample may fracture
before the peak load is reached, the difference between the peak
load and the failure load may be smaller if a servo-controlled ma-
terial testing machine is used and the transverse expansion of the
disc is used as the controlling variable (Shewmon and Zackay, 1961;
Hudson et al., 1972). In dynamic BD tests using SHPB, there is no
way to control the load using a feedback system, thus themismatch
of the measured peak load and the failure load can be signiﬁcant.
Fig. 32 shows the signal of the strain gauge mounted on the posi-
tion at 10 mm distance from the center of the BD sample, compared
with the transmitted force for a test featuring high loading rate. It
can be concluded that the tensile stress at the fracture onsetc and ﬂattened Brazilian disc.
Fig. 29. Dynamic forces on both ends of disc specimen tested using a modiﬁed SHPB: (a) without pulse shaping and (b) with careful pulse shaping (after Dai et al., 2010b).
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determined from the far-ﬁeld loading. The reason for this phe-
nomenon lies in the sample test conﬁguration. For an ideal BD test,
the fracture will initiate at the center of the sample along the
loading axis. At the fracture onset, the sample is still in contact with
the two loading platens. The load can thus still increase until the
sample is completely split into two halves. From part of the strain
energy release from the fracture, the two halves will get transverse
velocities to separate from each other. The two halves may rotate
and lose contact with the platen during the separation process,
resulting in unloading.
The post-mortem failure patterns of BD samples in SHPB tests
generally consist of two types: shear failure and tensile failure
(Zhang and Zhao, 2013a; Zhou et al., 2013). The tensile failure is the
main axial crack parallel to the impact direction, dividing the
sample into two pieces. The shear failure zones are at the contact
points of BD, which are more signiﬁcant with the increase of
loading rate. As shown above, for a valid dynamic BD test, theFig. 30. High-speed video images of two typical dynamic Brazilian tests. Top four images: Br
shaping (after Xia et al., 2011).failure should start from the center of the disc. The shear failure is
then a result of secondary fractures due to further compression
between the bar and the cracked disc as demonstrated by the high-
speed camera snapshots. However, due to misunderstanding of the
failure process, ﬂattened BD method was proposed to prevent the
shear failure zone as shown in Fig. 28b (Wang et al., 2009). The
principle of the ﬂattened BD method is similar as that of BD
method. However, as discussed, there is no need to prevent the
shear failure as long as the initial failure starts from the center of
the disc, and this approach has also other limitations (Yu et al.,
2009).
(2) Semi-circular bend (SCB) method
SCB was also used in SHPB to measure the tensile strength of
Laurentian granite (Dai et al., 2008, 2010a) The SCB specimen in the
SHPB system is shown schematically in Fig. 33 and the insert of
Fig. 34. The pulse shaping technique was employed to achieveazilian test without pulse shaping; Bottom four images: Brazilian test with careful pulse
Fig. 31. (a) Tensile stress sx and (b) compressive stress sy histories at the Brazilian disc center from both dynamic and quasi-static ﬁnite element analyses in a typical SHPB Brazilian
test with pulse shaping (after Xia et al., 2011).
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attain single-pulse loading.
Provided a quasi-static state has been achieved in the sample
during the test, using a dimensional argument, the equation for
calculating the tensile stress at O is (Dai et al., 2010a):
sðtÞ ¼ PðtÞ
pBR
YðS=ð2RÞÞ (11)
where P(t) is the time-varying load recorded in the test, S is the
span of the supporting pins, and R is the radius of the disc. The
dimensionless stress Y(S/(2R)) can be calibrated using ﬁnite
element analysis. The dynamic tensile strength measured by the
SCB method is also called ﬂexural strength, and the ﬂexural tensile
strength sf is taken as the maximum tensile stress in the history of
s(t) and the corresponding loading rate is measured from the slope
of the pre-peak linear portion of the curve. The reason why
strengths measured using the SCB method are higher than those by
the BD is initially explained using a non-local failure model (Dai
et al., 2010a). Since the dynamic force equilibrium is satisﬁed in
all SCB tests, the non-local failure approach should work for dy-
namic SCB and BD tests. This theory states that the material fails
when the local stress averaged over a distance d along the pro-
spective fracture path, s, reaches the tensile strength, st (Lajtai,Fig. 32. Tensile stress history with the strain gauge singal for detecting failure onset
(after Xia et al., 2011).1972; Carter, 1992; Van de Steen and Vervoort, 2001):
s ¼ ð1=dÞ R l0þdl0 sdl, where l0 is a characteristic material length
scale, and s is the tensile stress distributing over d. Numerical
methods were applied to calculate s for a given sample geometry.
The tensile stress gradient (the ratio of the tensile stress along the
prospective fracture path, s, to the tensile stress at the failure spot,
sm (also the maximum tensile stress in the sample) along the
prospective fracture path of SCB sample was calculated numerically
with ﬁnite element analysis, and then the relation between s and
sm can be found. Thus, at the critical state, the ﬂexural tensile
strength, sf, is equal to sm and the tensile strength, st, from BD test
is equal to s. The relation between sf and st can be established.
Using this relation and non-local failure theory, the tensile strength
st can be derived from the measured dynamic ﬂexural strength sf
(Dai et al., 2010a). Dai et al. (2010a) demonstrated that the cor-
rected dynamic tensile strengths from ﬂexural strengths have a
good agreement with those measured from the dynamic BD tests
(shown in Fig. 34). The rate dependence of dynamic tensile strength
for Laurentian granite is demonstrated in Fig. 34 (Dai et al., 2010a).
Besides, the simulated fracture pattern from ﬁnite-discrete element
method agreed well with that from the recovered specimen (Dai
et al., 2010a). However, the results obtained from the SCB test is
the ﬂexural strength, which is different from the tensile strength
from the BD method (Zhang and Zhao, 2014).
(3) Spalling method
The spallingmethod on SHPB is based on the reﬂection of elastic
wave in a cylindrical bar (Fig. 35). A compressive wave propagates
into a cylindrical specimen and is reﬂected as a tension wave at the
free end of specimen. Since the tensile strength of rock is muchFig. 33. Schematics of the SCB method.
Fig. 34. Rock tensile strength of Laurentian granite measured using BD and SCB
methods in SHPB system (after Xia, 2012).
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causes the failure of rock specimen.
The spalling method is widely used to obtain the tensile
strength of brittle materials (Klepaczko and Brara, 2001; Wu et al.,
2005; Kubota et al., 2008; Erzar and Forquin, 2010). However, the
spalling method has some limitations: (i) the incident compressive
wave may inﬂuence the specimen properties before the tensile
wave; (ii) the 1D stress state is difﬁcult to be ontained; (iii) the
stress wave attenuates in the rock materials.
5.3. Dynamic shear tests
Shear strength is an important material parameter for rocks. The
dynamic shear strength of Barre granite was ﬁrstly determined
using solid cylindrical specimens in torsional split Hopkinson bar
(Goldsmith et al., 1976). Then, the torsional split Hopkinson bar
with thin-walled tubes was utilized to obtain the pure shear
strength, as shown in Fig. 36a (Lipkin et al., 1977, 1979). The details
of torsional split Hopkinson bar can be found in the ASM handbook
(Gilat, 2000). Although the torsional split Hopkinson bar over-
comes the friction and lateral inertia effects (Gilat, 2000), it is
difﬁcult to prepare the thin-walled specimens and mount them on
the bars. Therefore, several other methods have been developed to
perform the dynamic shear tests, e.g. compression shear method
(Rittel et al., 2002), punch shear method (Zhao et al., 1998; Huang
et al., 2011a), and a split Hopkinson pressure shear bar (SHPSB)
system (Zhao, 2011).
The compression shear method was used for large strain test in
SHPB. The SHPSB system consists of a wedge-shaped end incident
bar and two transmitted bars, using quartz transducers and an
optical system to obtain shear strength and shear strain. Dynamic
punch shear method is widely used to measure dynamic shear
strength and to study adiabatic shear band of materials. Zhao et al.
(1998) employed the punch shear tests to measure the shearFig. 35. Dynamic tension tests by the spalling method.strength of Bukit Timah granite at loading rates of 10e104 MPa/s
using a pneumaticehydraulic machine, which can neglect the wave
propagation effects. Huang et al. (2011a) developed a dynamic
punch shear method in SHPB to measure the dynamic shear
strength of rocks (Fig. 36b).
Conventional punch shear systems for static tests have two
types of punch head: the cylindrical punch head and the block
punch heads. For dynamic tests, the incident bar plays the role of
punch head, thus usually an annular holder is adopted (Li et al.,
2002; Dabboussi and Nemes, 2005; Qu et al., 2005). In the dy-
namic design, the sample assembly is composed of a front cover, a
disc sample and a rear supporter (Fig. 36b). The purpose of the front
cover is to reduce the bending force during test and to prevent
additional damage to the specimen after test. The inner diameter of
holder is 0.4 mm larger than that of bars. A Teﬂon adaptor is used to
connect the rear holder to the transmitted bar (Huang et al., 2011a).
The hole in the rear supporter recovers the sample after the shear
test.
When the tests are under force equilibrium condition, i.e.
P1 ¼ P2, the punch shear stress in samples is then calculated using
the following equation:
s ¼ P
pDB
(12)
where s is the punch shear stress, and P is the loading force. The
maximum value of s is considered as the punch shear strength of
the tested sample. The loading rate is determined as the slope of the
punch shear stress curve.
Dynamic punch experiments on Longyou sandstone were con-
ducted at different loading rates to investigate the rate effect on
tensile strength. All tested samples were punched into a ring and a
plug as shown in Fig. 37.
The variation in the punch shear strength as a function of the
loading rate is illustrated in Fig. 38. It is evident from the ﬁgure that
the strengths of Longyou sandstone increasing with loading rates
have been achieved.5.4. Dynamic fracture tests
Dynamic fracture is frequently encountered in various
geophysical processes and engineering applications (e.g. earth-
quakes, airplane crashes, projectile penetrations, rock bursts and
blasts). These processes are governed by material dynamic fracture
parameters, such as initiation fracture toughness, fracture energy,
propagation fracture toughness, and average fracture velocity.
Therefore, accurate determination of these fracture parameters is
crucial for understanding mechanisms of dynamic fracture.
Under quasi-static loading conditions, the existing studies on
material fracture are mainly focused on the initiation fracture
toughness measurement. Initiation fracture toughness is deﬁned as
the material resistance to crack reactivation. Special sample ge-
ometries have been developed for initiation fracture toughness
measurements for brittle solids like ceramics and rocks, which are
different from the standard methods of fracture tests developed for
metals. The ISRM recommended four suggested methods with four
types of core-based specimens for determining the initiation frac-
ture toughness of rock under quasi-static loads: chevron bend (CB)
and short rod (SR) specimens method (Ouchterlony, 1988), cracked
chevron notched Brazilian disc (CCNBD) specimen method (ISRM,
1995), and NSCB specimen method (Kuruppu et al., 2014).
Since Bieniawski (1968) introduced the fracture dynamics of
rock, various investigations have indicated that the fracture
behavior of rocks under dynamic loading is remarkably different
from that under quasi-static loading. Klepaczko et al. (1984)
Fig. 36. Schematics of (a) the torsional split Hopkinson bar (Gilat, 2000; Zhang and Zhao, 2014) and (b) the sample assembly for dynamic punch shear (after Xia, 2012).
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method with the SHPB to measure the dynamic initiation fracture
toughness. In their tests, the friction and stress equilibrium was
discussed and the results demonstrate that the dynamic initiation
fracture toughness of coal is about 13 times higher than the quasi-
static value. Tang and Xu (1990) tried to measure the dynamic
fracture toughness of rocks using single edge notched bending
(SENB) method in three-point impact test with a single Hopkinson
bar. The SENB method with a single Hopkinson bar was extensively
discussed by Jiang and Vecchio (2009). Moreover, Nakano et al.
(1994) introduced cracked straight through Brazilian disc (CSTBD)
method to evaluate the dynamic fracture toughness and SIF of
ceramic under mode I and mixed mode I/II loading conditions.
Dong et al. (2004, 2006) theoretically analyzed the CSTBD method
and utilized this method to obtain the fracture behavior of poly-
methyl methacrylate (PMMA). The CSTBD method was subse-
quently modiﬁed to ﬂatten BD type and employed to determine the
dynamic fracture toughness and SIF of rock materials under mode I
and mixed mode I/II loading conditions (Wang et al., 2011a).
Furthermore, Lambert and Ross (2000) developed a holed-notched
cylinder fracture (HNCF) specimens with SHPB to obtain the dy-
namic fracture toughness of concrete. Finite element analysis
veriﬁed the experimental conﬁguration and ultra-high-speed dig-
ital photography was synchronized with the fracture process to
validate the experimental technique as a tool in determining theFig. 37. (a) Typical tested and untested samples. (b) The ring and plug produced by the
punch shear test (after Huang et al., 2011a).dynamic fracture toughness of quasi-brittle materials. The results
show that the effective fracture toughness increases signiﬁcantly
with the loading rate.
The SR method was extended to dynamic fracture toughness
testing with the SHPB technique by Zhang et al. (1999, 2000). The
results show that the maximum value of dynamic fracture tough-
ness of Fangshan gabbro and Fangshan marble is about 20 and 40
times higher than the quasi-static value, respectively. However, the
stress equilibrium condition is violated due to the stress wave
loading and non-uniform deformation. Recently, the CCNBD
method (Iqbal et al., 2008; Dai et al., 2010c), cracked chevron
notched semi-circular bend (CCNSCB) method (Dai et al., 2011) and
NSCB method (Chen et al., 2009; Dai et al., 2010d; Huang et al.,
2011b; Zhang and Zhao, 2013a) were extended to measure the
dynamic fracture toughness and strain ﬁeld of brittle materials.
There are totally eight methods for dynamic initiation fracture
toughness tests using the SHPB: WLCT, SENB, CSTBD, HNCF, SR,
CCNBD, CCNSCB and NSCB methods. The NSCB method using the
SHPB technique is an ISRM suggested method (Zhou et al., 2012). A
summary of classic dynamic testing methods for the dynamic
fracture properties of rock-like materials using split Hopkinson bar
system is presented in Table 1. For brittle materials, the experi-
mental methods of dynamic fracture toughness using the SHPB
have been discussed by Ravi-Chandar (2004), Jiang and Vecchio
(2009), and Zhang and Zhao (2014), but there is no systematic
discussion of the experimental procedures of these methods.
It should be noted that the dynamic fracture toughness and SIF
in rock testing are determined by deformation ﬁeld measurement
(strain gauge/caustics/high-speed DIC) (Nakano et al., 1994; WangFig. 38. Punch shear strength of Longyou sandstone vs. test loading rate (after Huang
et al., 2011a).
Table 1
A summary of classic dynamic testing methods for the dynamic fracture properties of rock materials using split Hopkinson bar system.
Method Rock type Main research activities References
WLCT Coal Dynamic fracture toughness Klepaczko et al. (1984).
SENB Marble Tang and Xu (1990).
Granite Zhao et al. (1999).
CSTBD Ceramics Dynamic fracture toughness and SIF Nakano et al. (1994).
Ceramics and glasses Dynamic fracture toughness and SIF of mode I and mixed mode I/II Wang et al. (2011a).
Concrete Effect of specimen size on fracture toughness Wang et al. (2011b).
HCBD Concrete Dynamic fracture toughness Lambert and Ross (2000).
HCFBD Marble Dynamic fracture initiation toughness and the size effect of HCFBD method Wang et al. (2010).
SR Fangshan marble and
Fangshan gabbro
Effects of temperature on fracture toughness Zhang et al. (2001).
Gabbro and marble Effects of loading rate on fracture toughness and energy partitioning Zhang et al. (1999, 2000).
Oil shale Dynamic fracture behavior Costin (1981).
CCNBD Laurentian granite Dynamic initiation toughness, dynamic propagation toughness, stable-unstable
fracture transition
Dai et al. (2010c).
CCNSCB Laurentian granite Dynamic initiation toughness, Dynamic propagation toughness, fracture energy Dai et al. (2011).
NSCB Laurentian granite Dynamic initiation toughness, Dynamic propagation toughness, fracture velocity Chen et al. (2009).
Fangshan marble Effect of loading rate on fracture toughness, failure micromechanisms, full-ﬁeld
strain ﬁeld
Zhang and Zhao (2013a, 2013b).
Laurentian granite Effects of heat treatment on Dynamic initiation toughness Yin et al. (2012).
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formulas (Klepaczko et al., 1984; Tang and Xu, 1990; Zhang et al.,
1999; Chen et al., 2009; Dai et al., 2010c, 2010d, 2011; Lambert
and Ross, 2000; Zhang and Zhao, 2013a). The former is recom-
mended to evaluate the processes of crack initiation and propaga-
tion, while the latter is a measurement of stress state, which can be
conveniently obtained from incident, reﬂected and transmitted
pulses in the SHPB tests.
It is worthmentioning that the prerequisite that the evolution of
dynamic SIF and the fracture toughness can be calculated by quasi-
static fracture formulas is that the dynamic force balance is roughly
achieved (Owen et al., 1998). Without the dynamic force equilib-
rium, the measured crack tip SIF history using a three-point
bending conﬁguration loaded by a drop weight did not synchro-
nize with the load histories at supports due to inertial effect under
high loading rate (Böhme and Kalthoff, 1982). To facilitate dynamic
force equilibrium and thus minimize inertial effect, the pulse
shaping technique was employed to conduct dynamic fracture tests
with the SHPB (Weerasooriya et al., 2006; Jiang and Vecchio, 2007).
The fracture sample is therefore in a quasi-static state of
deformation.
The crack fracture velocity, dynamic fracture energy and the
propagation fracture toughness of materials are directly related to
the energy consumption during dynamic failures. For transparent
polymers or polished metals, those properties could be readily
measured with optical methods (Owen et al., 1998; Xia et al., 2006).
For rocks, several methods to measure these fracture properties are
also reported in the literature, e.g. the NSCB/CCNBD/CCNSCB
method with LGG system was used to measure the crack fracture
velocity, the dynamic fracture energy and the propagation fracture
toughness (Chen et al., 2009; Dai et al., 2010c, 2011); the NSCB
method with crack gauge and/or DIC method was applied for
obtaining the crack fracture velocity and the dynamic fracture en-
ergy (Bertram and Kalthoff, 2003; Zhang and Zhao, 2013b); the SR
specimen with high-speed camera was utilized to analyze the dy-
namic fracture energy (Zhang et al., 2000).
5.4.1. NSCB method
NSCB test was adopted to measure dynamic fracture parameters
of rocks (Chen et al., 2009). The NSCB specimen has the semi-
circular shape and it is made by splitting the rock disc into two
halves, followed by machining a notch from the center of the disc
perpendicular to the diametrical cut. Fig. 39 shows the sandwiched
NSCB fracture sample in the SHPB system and the LGG system.A fundamental prerequisite for fracture testing via this NSCB
specimen is the fabrication of a sharp crack. A notch was ﬁrst made
in the semi-circular rock disc and then sharpened with a diamond
wire saw to achieve a tip. For rocks with average grain size of
0.5mm and larger, the radius of the tip is smaller than the thickness
of naturally formed cracks in this rock. This will lead to a valid
fracture toughness measurement (Lim et al., 1994). Compared to
coarse-grained rocks, it is difﬁcult for ﬁner-grained rocks to make a
sharp enough crack tip.
Based on the ASTM Standard E399-90 (2002) for rectangular
three-point bending sample, a similar equation for calculating the
SIF for mode I fracture in the NSCB specimen was proposed (Chen
et al., 2009):
KIðtÞ ¼
PðtÞS
BR3=2
Yða=RÞ (13)
where a is the crack length. The dimensionless geometric function
Y(a/R) depends on the crack geometry, and can be calculated with a
standard ﬁnite element software package (e.g. ANSYS). Fracture
toughness KIC is obtained at the maximum load.
In a conventional SHPB test, without the pulse shaper, impact
of the striker on the incident bar generates a square incident stress
wave with a large ﬂuctuation of dynamic force on the incident
side. With a pulse shaper, the incident wave is shaped to a ramp
pulse and the dynamic forces on both ends of the specimen are
balanced.
The measured crack surface opening displacement (CSOD) of
the NSCB specimen by the LGG, strain gauge signal and the trans-
mitted force with the pulse shaper is illustrated in Fig. 40. There is a
single peak point A in the transmitted force and only one trough B
signal is registered by the strain gauge. Thus, the fracture initiation
time is designated by the unique trough B. Because the peak
transmitted force is attained only 4 ms after the measured fracture
onset, it is demonstrated that the peak far-ﬁeld load matches with
the fracture onset with negligibly small time difference. The small
time difference between them can be partially interpreted as fol-
lows. The load on the specimen increases with the incident pulse
before it reaches the peak. At the fracture onset, release waves are
emitted from the crack tip at the sound speed of the rock material.
The ﬁrst release wave takes time to reach the supporting pins due
to the distance between the crack tip and the supporting pin. Thus,
the small time difference occurs, leading to a negligibly small error
in the fracture toughness.
Fig. 39. Schematics of NSCB specimen in the SHPB system with LGG system (after Chen et al., 2009).
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on the boundary of the NSCB sample does not necessarily guarantee
the dynamic stress equilibrium in the entire specimen. Thus, the
comparison between the SIF evolution obtained from the dynamic
ﬁnite element analysis and the result from a quasi-static analysis is
evaluated (shown in Fig. 41). The evolutions of SIF from both static
and dynamic methods match reasonably well, and the quasi-static
equation is thus valid for determining the fracture toughness in
SHPB test with pulse shaper.
Therefore, with dynamic force balance in SHPB, the peak far-
ﬁeld load coincides with the fracture onset and the maximum
load corresponds to the failure load. The fracture toughness can
thus be conﬁdently deduced from the peak far-ﬁeld load by virtue
of quasi-static equations. The inertial effects are eliminated since
there is no global force difference in the specimen to induce inertial
forces (Weerasooriya et al., 2006). Hence, ﬁnite element analyses
with the dynamic far-ﬁeld loading were conducted to obtain the
local SIF at the crack tip for a given specimen geometry. Singular
element (Barsoum,1977) is applied to the vicinity of the crack tip in
meshing the ﬁnite element model. The load is set as the boundary
stresses at the left and right edges of the model plate while the
lower edge of the model has the symmetric boundary condition.Fig. 40. Comparison of CSOD and strain gauge signal on the specimen with the
transmitted force of the NSCB specimen tested using pulse shaper (after Xia et al.,
2011).The resulting loading at the main crack is mode I. For a given load P,
KI can be obtained from the ﬁnite element analysis.
Moreover, a high-speed camera, which was placed perpendic-
ular to the SHPB and specimen, was used to monitor the fracture
initiation and propagation process as well as the trajectories of the
fragments (Chen et al., 2009). The sequence of high-speed camera
images shown in Fig. 42 represents only the frames of represen-
tative features. The ﬁrst two images show the pre-fabricated notch
and the crack opening can be barely seen. Next, the opening of the
NSCB crack becomes visible. Then, the NSCB specimen is split
completely into two fragments. The fragments then rotate about
the contact point between the specimen and the incident bar. The
measured rotation angle of the fragment indicates that the angular
velocity of the fragments is almost constant during the period, and
the fragments rotate around the axis along the loading point.
The energy conservation principle can be used to calculate the
propagation fracture energy and fracture toughness, which were
used with a high-speed camera to estimate the fragment residual
velocities (Zhang et al., 2000). Zhang et al. (2000) estimated the
kinetic energy of the fragments in SR test as K ¼ 0:5mðv21 þ v22Þ. The
total energy absorbed by the sample can be calculated byFig. 41. The evolution of SIF of the NSCB specimen with both quasi-static and dynamic
analyses tested using pulse shaper (after Zhou et al., 2012).
Fig. 42. Selected high-speed camera images showing the fracture and fragmentation of an NSCB specimen (after Chen et al., 2009).
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tween the specimen and the bars can be negligible. Then, the
fracture and damage energy can be obtained:WFD¼Ws K. Hence,
in this NSCB test, the elastic energy carried by a stress wave is (Song
and Chen, 2006):
W ¼
Zt
0
Eε2ACds (14)
The total energy absorbed by the specimen then is
DW ¼WIn WReWTr. Part of the total energy absorbed is used to
create new crack surfaces, called the total fracture energy (WG); and
the other part remains in the fragments as the residue kinetic en-
ergy (K), i.e. DW ¼WG þ K. For the rotating fragments, the moment
of inertia is I, and the total rotational kinetic energy is K ¼ Iu2/2,
where the fragment angular velocity u is estimated from the CSOD
data. The average propagation fracture energy is Gc¼WG/Ac, where
Ac is the area of the crack surfaces created. The average dynamic
propagation fracture toughness is
KdPIC ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
GcE

1 n2
q
(15)
Here the plain strain condition is assumed. This method pro-
vides a promising way to estimate the dynamic propagation frac-
ture toughness, which can also be used in the CCNBD method (Dai
et al., 2010c) and CCNSCB method (Dai et al., 2011). Besides, the
dynamic SIF was also estimated by using a chain of strain gauges
positioned along the prospective crack propagation path (Zhang
and Zhao, 2013b). The measured dynamic fracture propagation
toughness is about ten times higher than the dynamic initiation
fracture toughness.5.4.2. CCNBD method
The NSCB method requires a sharp notch, which is difﬁcult to
be achieved for ﬁne-grained rocks. To address this problem, a
convenient way in the fracture test is to employ a sample with a V-
shaped (or chevron) notch as suggested by the ISRM (Ouchterlony,
1988; ISRM, 1995). The V-shaped ligament facilitates crackinitiation emanating from the notch tip and thus avoids pre-
cracking in the brittle solids. Subsequently, for a V-shaped (or
chevron) notch specimen, the crack propagates in a stable fashion
until it reaches the critical crack length where the crack transfers
to unstable growth. If the load is static, the load reaches its
maximum at this critical crack length while the corresponding SIF
has a minimum value. The V-shaped notch specimen has been
conducted in the SHPB fracture test for rocks (Zhang et al., 1999,
2000) and ceramics (Weerasooriya et al., 2006). The quasi-static
equation proposed in the ISRM (Ouchterlony, 1988) method was
employed to determine the fracture toughness without evaluating
the stress state in the sample.
The CCNBD method has been suggested by the ISRM as one of
static fracture toughness measurement methods. Among three
standard ISRM specimens (Ouchterlony, 1988; ISRM, 1995), the
CCNBD specimen owns special merits such as: much higher failure
load, fewer restrictions on the testing apparatus, larger tolerance on
the specimenmachining error, simpler testing procedure and lower
scatter of test results (ISRM, 1995). This CCNBD method has been
widely used (Dwivedi et al., 2000; Iqbal and Mohanty, 2007). It has
also been employed for dynamic fracture toughness measurement
in the SHPB.
Fig. 43 shows the schematics of the SHPB system and the LGG
system. The geometry of the CCNBD sample is shown in Fig. 44. The
CCNBD specimen is produced by two symmetric cuts on the ends, a
rock disc perpendicular to the end and through one diametrical
direction. The basic assumption of the method is that the fractures
initiate and propagate symmetrically from the two tips of the lig-
aments. As compared with the NSCB method, the CCNBD method
can be applied to ﬁne-grained rocks, for which it is very difﬁcult to
fabricate sharp notches (Dai et al., 2010c).
With the pulse shaping technique in dynamic CCNBD tests, the
dynamic forces on both loading ends of the sample are almost
identical throughout the dynamic loading period, and the inertial
effects are thus eliminated because there is no global force differ-
ence in the specimen to induce inertial force. Then, a quasi-static
state of the specimen has been achieved during the SHPB test,
the initiation fracture toughness KIC of CCNBD specimen is deter-
mined by the ISRM suggested method (ISRM, 1995):
Fig. 43. Schematics of CCNBD specimen in the SHPB system and LGG system (after Dai et al., 2010c).
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Pmax
B
ﬃﬃﬃ
R
p Y*min (16)where Pmax is the measured maximum load, Y*min is the minimum
value of Y*, and Y* is the dimensionless SIF and can be determined
in advance by numerical calibrations according to the following
equation:
Y* ¼ KI

P
B
ﬃﬃﬃ
R
p

(17)
As a critical factor for determining fracture toughness, Y*min
corresponds to the dimensionless SIF at the critical dimensionlessFig. 44. The CCNBD specimen in an SHPB system, where R is the radius of the disc, B is the th
of crack, a0 is the initial half-length of chevron notch, and a1 is the ﬁnal half-length of checrack length am (am ¼ am/R, am is the critical crack length), where
the load is maximum.
For a given CCNBD sample conﬁguration, the critical dimen-
sionless SIF, Y*min, can be found by the ISRM suggested method
(ISRM, 1995). However, the corresponding critical dimensionless
crack length, am, is not explicitly documented (ISRM, 1995). A ﬁnite
element analysis is used to determine the critical dimensionless
crack length, am, and the corresponding dimensionless SIF, Y*min
(Fig. 45).
Then, the fracture energy can be calculated in a similar way as
described in Section 5.4.1. The only difference lies in the calculation
of the residual kinetic energy K in the two cracked fragments. In theickness of the disc, Rs is the radius of the diamond saw for making notch, a is the length
vron notch (after Dai et al., 2010c).
Fig. 45. The calculated dimensionless SIF varying with the dimensionless crack length
a (after Dai et al., 2010c).
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after the crack propagates through the sample. The experiments
indicate that the failure of the specimen is symmetric. Conse-
quently, the movement of fragments is translation motion without
rotation, and thus the total kinetic energy was calculated by adding
the translational kinetic energy of the two ﬂying fragments. The
kinetic energy K for CCNBD test can be calculated with K ¼ mvt2/2,
wherem is themass of the specimen, vt is the translation velocity of
the fragments, which can be deduced from the CSOD history data
measured by the LGG system.
Fig. 46 shows the CSOD measured by the LGG system as well as
the strain gauge signal mounted on the sample, compared with the
transmitted force (P2) in the SHPB test.With dynamic force balance,
the transmitted force P2 can be regarded as the loading to the
sample, similar to the quasi-static case. The strain gauge signal of
the sample surface is used to detect the fracture initiation and
propagation. The fracture initiation from the notch tip will result in
a decrease in the strain gauge signal, denoted as point C in Fig. 46.
This fracture initiation coincides with the turning point A in the
sustaining load P2. After this instant, to further drive the propaga-
tion of the crack, the load has to increase until the peak point B. At
this instant, the crack reaches the critical crack length (with
dimensionless crack length am) and the unloading starts due to
transition of crack growth from stable to unstable. The peak of the
loading corresponds to the moment that the crack reaches theFig. 46. LGG measured CSOD and strain gauge signal of the CCNBD sample surface,
compared with the transmitted force in the SHPB test with pulse shaping (after Dai
et al., 2010c).critical crack length. The delay in time between points B and D
attributes to the time that the ﬁrst release wave propagates from
the crack tip to the transmitted end of the specimen. It is noted also
that the measured CSOD curve by the LGG system exhibits an
obvious linear segment after point E. The slope of this linear
segment indicates constant departure velocity of the two fractured
fragments. The point E thus designates the complete separation of
the two fragments of the CCNBD specimen.
The dynamic fracture process of the CCNBD specimen in the
SHPB test can be divided into four stages, separated by three ver-
tical lines through points A, B, and E (denoted by IeIV in Fig. 46).
The elastic deformation of the CCNBD specimen dominates stage I.
At the end of stage I, the crack initiates from the notch tip, and
propagates until the crack reaches the critical crack length am
(stage II). Point B designates the transition of stable to unstable
crack propagation. During stage II, the crack propagates stably;
while in stage III, the crack propagates unstably. Finally, the sample
is cracked completely into two half fragments in stage IV ﬂying
away from each other.
The measured fracture initiation toughness values by the dy-
namic CCNBD method are compared with those obtained from
dynamic NSCB tests in Fig. 47. The fracture initiation toughness is
quite consistent with the measured results by the NSCB.
5.4.3. CCNSCB method
As shown in Fig. 48, the CCNSCB specimen is a combination of
the NSCB specimen and the CCNBD specimen. The CCNSCB method
is advantageous in that it does not need a sharp pre-crack as in the
NSCB method and involves only one fracture (Dai et al., 2011). Just
like the CCNBDmethod, the CCNSCBmethod can be applied to ﬁne-
grained rocks. In the CCNBD method, it is assumed that the two
fractures should initiate at the same time and propagate symmet-
rically. This assumption can be easily violated due to in-
homogeneities in the rock sample and misalignment. The CCNSCB
method overcomes this problem by involving only one fracture.
The geometric detail of the CCNSCB specimen is shown in
Fig. 48. The CCNSCB specimen is sandwiched between the incident
and transmitted bars. Rock cores are ﬁrst drilled from the rock
blocks and then sliced to obtain disk samples. All disk samples are
polished afterwards resulting in a surface roughness variation of
less than 0.5% of the sample thickness. By diametrical cutting, half
disc samples are subsequently made from the full discs. A diamond
impregnated blade saw is used to fabricate the notch near the
diametric cut of the half discs. A strain gauge is cemented on the
sample surface to monitor the fracture initiation and propagation
during the test (Jiang et al., 2004).Fig. 47. Comparison of the initiation toughness from CCNBDeSHPB and NSCBeSHPB
methods (after Xia et al., 2011).
Fig. 48. Schematic of the CCNSCB specimen in the SHPB system, where S is the dis-
tance between the two supporting pins (after Dai et al., 2011).
Fig. 49. Comparison of the initiation fracture toughness and the average propagation
fracture toughness from the CCNSCB method with those from the CCNBD method
(after Dai et al., 2011).
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during the SHPB test with careful pulse shaping, the fracture
properties can be reduced using a quasi-static data analysis based
on the theory of linear elastic fracture mechanics (Dai et al., 2010d).
Similar to the calculation equation suggested by the ISRM for the
NSCB specimen and the CCNBD specimen (ISRM, 1995; Zhou et al.,
2012), the initiation fracture toughness, KIC, of CCNSCB specimen
can be determined as
KIC ¼
PmaxS
BR3=2
Y*min (18)
It is noted that this formula is different from that proposed
before (Dai et al., 2011). Since there is only one design of the sample
dimension, the result is independent of the form of the formula.
The dynamic fracture toughness values measured by the
CCNSCB method for Laurentian granite are compared with those by
the CCNBD method (Fig. 49). There are two fracture toughnesses in
the ﬁgure: propagation fracture toughness and initiation fracture
toughness. The initiation fracture toughness is the commonly used
fracture toughness. The propagation fracture toughness is equal to
the SIF of a propagating fracture, which characterizes the material
resistance against a dynamically propagating fracture. The propa-
gation fracture toughness may vary with the loading rate or the
fracture velocity (Bertram and Kalthoff, 2003).
5.5. Dynamic testing methods at various temperatures
Temperature is one of the main factors affecting the mechanical
properties of rock materials, and it plays a signiﬁcant role in many
engineering practices. Experimental results show that the tem-
perature markedly inﬂuences the compressive strength, tensile
strength and fracture toughness of rock materials (Paterson and
Wong, 2005). Under quasi-static loading, the strength of rock ma-
terial decreases with temperature. The effects of temperature andloading rate on rock strength and rock fracture toughness are also
investigated.
The study of Perkins et al. (1970) demonstrated that the stiffness
and strength of porphyritic tonalite increase with increasing strain
rate and decreasing temperature. Lindholm et al. (1974) utilized the
SHPB to measure the uniaxial compressive strength of Dresser
basalt with ambient temperatures of up to 527 C and obtained an
equation with respect of the ambient temperature, the strain rate,
and the ﬂow stress. Zhang et al. (2001) measured the dynamic
fracture toughness of Fangshan gabbro and Fangshan marble under
high ambient temperatures and room temperatures with an SR
specimen in the SHPB system. They concluded that the temperature
has a limited inﬂuence on the dynamic fracture toughness of such
rocks within the limited temperature range (up to 330 C). Li et al.
(2010) conducted the SHPB experiment to investigate the dynamic
strength of siltstone under temperatures from 20 C to 300 C. The
results show that the dynamic peak strength of siltstone increases
with the increase of temperature. However, the strength of silt-
stone decreases with the increase of temperature when the tem-
perature is over 100 C. Fang et al. (2012) performed the SHPB
experiment to obtain the compressive strength of slat rock under
temperatures from 40 C to 80 C. The result shows that the
compressive strength decreases as the temperature increases un-
der the high strain rate of 400 s1. Liu and Xu (2013) carried out the
SHPB experiment with high temperature device to study the uni-
axial compressive strength of marble. The results demonstrate that
the peak stress ﬂuctuates slightly between 25 C and 400 C but
decreases nearly linearly when the temperature is over 400 C.
The SHPB experimental setup with high temperature device is
shown in Fig. 50, which mainly includes a striker, an incident bar, a
transmitted bar, an absorption bar and a furnace. After the spec-
imen was mounted on the SHPB system, a furnace started to heat
the specimen at a desired heating/cooling rate. The temperature in
the furnace could be automatically controlled with a high precision.
As soon as the temperature in the furnace reached the assigned
value, the temperaturewas kept for a short period so that thewhole
specimen from the outside to the inside could be heated/cooled to
the appointed temperature (Li et al., 2010; Fang et al., 2012). Then
the striker bar was launched, and the specimen was tested under a
dynamic loading condition. In order to achieve dynamic force
equilibrium, the pulse shaping technique was used during dynamic
loading. The forces on both ends of the specimen can be calculated
by Eq. (1) and the strength or fracture properties of specimen are
Fig. 50. Schematics of an SHPB system with high temperature device (Li et al., 2010; Fang et al., 2012).
Fig. 51. Tensile strength results for dry and saturated Longyou sandstones (after Huang
et al., 2010b).
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cooled down in the air. Since the temperature gradient in bars
generally inﬂuences wave propagation and induces the errors to
the rock strain rate, rock temperature and time, the wave propa-
gation in the bars has to be corrected during data reduction (Zhang
and Zhao, 2014).
Another method is to study the effect of heat treatment on the
mechanical properties of rockmaterials. Yin et al. (2012) performed
the dynamic NSCB tests with the SHPB system to measure the dy-
namic fracture toughness of Laurentian granite with different
temperatures. Except for a control group of samples without ther-
mal treatment, the samples were thermally treated at 100 C,
250 C, 450 C, 600 C, and 850 C. The thermal treatment was
carried out in a servo-controlled electrical furnace with a designed
heating/cooling speed, which is sufﬁciently slow to avoid cracking
due to thermal shock. The ultrasonic P-wave velocity of samples are
changed after the thermal treatment since the heating introduces
damage to rocks in the form of micro-cracks and the ultrasonic P-
wave velocity of rocks is sensitive to microfractures induced by
thermal treatment. Experimental results show that fracture
toughness increases with the loading rate but decreases with the
temperature. However, when the temperature is below 250 C or
above 450 C, the dependence of dynamic fracture toughness on
the temperature is different from that on other temperatures,
which can be explained by the physical processes at the micro-
scopic level of the rock due to heating. At temperatures below
250 C, the thermal expansion of grains leads to an increase in the
toughness of the rock (Yin et al., 2012). At temperatures above
450 C, the sources of weakness such as grain boundaries and phase
transition of silicon are depleted, as a result the decrease in fracture
toughness is not as signiﬁcant as that in other temperature ranges.
5.6. Dynamic testing method for rocks with water
The water saturation plays a signiﬁcant role in the strengths of
rock materials. Many investigations have been performed to
determine the strength of rocks under different saturation condi-
tions (Colback and Wild, 1965; Burshtein, 1969; Hawkins and
McConnell, 1992). To achieve different levels of saturation in
specimens, artiﬁcial wetting of the rock specimens is utilized. For
dry rock specimens, they were dried to constant weight in a ther-
mostat at 105 C for at least two days. Air-dried specimens were
obtained by prolonging retention in the open air at room temper-
ature. To prepare various degrees of saturated specimens, they
were placed in water or in box containing moist sawdust and kept
for 2e10 days to increase the moisture content. Rock specimens,
which readily swell after absorbing moisture, were kept in sawdust
for 2e3 days and then placed in sealed desiccators for 3e4 days to
ensure the distribution of moisture throughout the specimen was
uniform. The saturation levels were monitored and measured by
weighing the specimen. The moisture contents of the specimens
can be determined by drying the saturated specimen to constant
weight (Burshtein, 1969). These results demonstrated that theuniaxial compressive strength of rocks signiﬁcantly decrease from
dry to fully saturated condition. Under different loading rates, the
water saturation also has an effect on the tensile strength (Han,
2003; Huang et al., 2010b), triaxial strength (Han, 2003; Li and
Reddish, 2004), spalling strength (Lou, 1994; Ogata et al., 2004)
and point loading strength (Broch, 1979).
A number of mechanisms have been proposed to explain the
strength reduction with the variation of water saturation, such as
pore pressure increase, reduction in friction (Grgic et al., 2005),
physical deterioration (Han, 2003), chemical interaction with the
rock matrix (Ahrens and Rubin, 1993), capillary tension decrease
(Hawkins and McConnell, 1992; Han, 2003), and stress corrosion
(Hadizadeh and Law, 1991).
Huang et al. (2010b) used the BD specimen in the SHPB system
to measure the tensile strength of Longyou sandstone with
different loading rates and water saturations. The pulse shaping
technique was employed to generate a non-dispersive ramp pulse
propagating into the incident bar, thus achieving the dynamic force
balance. Then, the forces on both ends of the specimen can be
calculated by Eq. (1) and the tensile strength of the BD specimen
can be obtained by Eq. (10).
Fig. 51 shows that the tensile strength for both dry and saturated
sandstones increases with loading rate. The saturated sample has
stronger rate dependence than the dry sample (the slopes of the
linear ﬁtting curves). This difference is caused by the water content
since the dry and saturated samples have the same skeleton
strength. For concretes, the rate dependence of tensile strength
mainly attributes to the viscous cohesive stress sv of free water in
the pores (Zheng and Li, 2004).
Based on the principle of softening factor, Sf, which was intro-
duced by Jumikis (1983) to describe the water weakening of the
compressive strength of rocks, the tensile softening factor, Sft, is
deﬁned as
Fig. 52. The rate dependence of tensile softening factor of Longyou sandstones (after
Huang et al., 2010b).
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where sdt is the tensile strength of the dry rock, and sst is the tensile
strength of the saturated rock.
Fig. 52 shows the tensile softening factor under different loading
rates. The tensile softening factor is observed to decrease with the
loading rate.
6. Conclusions
At high strain rate, the SHPB system is widely used to carry out
experimental studies of dynamic properties of rocks. Several
loading techniques have been developed for dynamic rock tests
using SHPB. First, it is crucial to ensure the dynamic force balance in
dynamic rock tests. For dynamic compressive tests, this condition is
also called dynamic stress equilibrium and it is recognized as the
prerequisite for this material testing method. For other testing
methods, this dynamic force balance condition leads to quasi-static
stress analysis. Without this condition, a combined experimentale
numerical method has to be used, which is rather tedious in
practice and the accuracy is not guaranteed. The pulse shaping
technique was proposed to slow down the loading rate and thus to
achieve dynamic force balance. Another problem in conventional
SHPB tests is that the specimen will be subjected to multiple
loading due to the reﬂection of the wave at the impact end of the
incident bar. A momentum-trap technique was proposed to ensure
single pulse loading and thus enable valid post-mortem analysis of
the recovered specimen and assessment of the damage of the
samples. Then, since engineering structures are generally under
triaxial loading, studies on dynamic tests with multi-axial or
conﬁnement loading are important. The multi-axial loading tech-
niques are designed for SHPB tests for rocks. The remaining task is
the ﬁne tuning of the design to accommodate the measurements of
different rock dynamic properties.
In terms of measurement techniques for SHPB system, non-
contact optical methods have been widely utilized to obtain accu-
rate and quantitative data across a wide range of length and time
scale. With the advent and development of high-speed photog-
raphy, the optical techniques discussed in this review have been
widely extended to dynamic rock tests at high strain rate. Among
these methods (i.e. X-ray micro CT, LLG, DIC, Moiré, caustics, pho-
toelastic coating, dynamic infrared thermography), the DIC tech-
nique is a promising way to obtain the high resolution full-ﬁeldstrain information in high strain rate tests, and X-ray CT and other
micro-measurements are also effective reconstruction methods for
investigating dynamic damage evolution and dynamic failure of
rocks in multi-scale.
Because of the recent advances of SHPB techniques, signiﬁcant
progress has been made in the quantiﬁcation of various rock dy-
namic properties. Methods for measuring dynamic compressive
strength, dynamic tensile strength, dynamic ﬂexural (bending)
strength, dynamic shear strength, and dynamic fracture toughness
are either improved or proposed and validated. Dynamic
compression method, dynamic Brazil test, and NSCB method were
adopted by the ISRM as suggested methods for dynamic rock
compression, tension, and fracture methods, respectively, in 2012
by its Commission on Rock Dynamics (2007e2011). Other methods
are good candidates for new suggested methods, and developing
dynamic rock testing methods is the main objective of the new
ISRM Commission on Rock Dynamics (2011e2015). It is noted that
some of these dynamic method share the same sample geometries
as their static counterparts and some do not. The choice of different
geometries is to facilitate data reduction, sample preparation, and
experimentation for the dynamic tests.
In the dynamic compression tests, the length to diameter ratio is
not as strict as in conventional tests, owing to the utilization of
pulse shaping technique. The length to diameter ratio ranging from
0.5 to 1 is acceptable. In the dynamic tension tests, the dynamic SCB
method measures the ﬂexural tensile strength, which is higher
than the tensile strength measured by the BD method. This can be
explained using the non-local failure theory. Besides, the dynamic
punch shear test is suitable for measuring dynamic shear strength
of rocks. Moreover, threemethods for quantiﬁcation of the dynamic
fracture toughness of rocks are mainly discussed. The NSCBmethod
is easy to be applied and suitable for coarse- to intermediate-
grained rocks. The CCNBD and the CCNSCB methods are applicable
to ﬁne-grained rocks. Compared with the CCNBD method, the
CCNSCB method is advantageous because only one fracture is
involved. The methods for studying the effect of temperature and
water saturation are discussed as well. Some typical results are
presented.
In summary, the SHPB system can be employed to effectively
determine the dynamic properties of rocks. However, dynamic
testing methods using SHPB system should be carefully assessed
and should satisfy the fundamental assumptions of the measure-
ment methods, including dynamic force balance, valid failure
pattern and stress distribution.Conﬂict of interest
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